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Abstract

This thesis comprises four projects that present new accomplishments in colloid-based
materials. The common theme throughout all projects is the realization of superordinate
gradients in colloidal crystals and glasses, which provide new ways of making use of the
photonic properties. Spherical polymer particles were used as a model system, and the
two main parameters altered on a single-particle level were the size and the thermal
properties. Complexity in the form of defined gradients was introduced by controlling
and adjusting the spatial distribution in mixed systems. This was enabled by a range
of new synthesis and self-assembly procedures for size and composition gradients in
photonic colloidal assemblies. The focus here lies on establishing new concepts, and while
every project concludes with an application, I expect these to be applied in neighboring
fields in the future as well.

The first project began with developing a novel coating procedure for lateral composition
gradients in mixed colloidal crystals. This was achieved using a dual-syringe pump
method, similar to dip-coating, and applying two particle types of the same size. The
two particles differed regarding their thermal properties, which resulted in film formation
kinetics that depended on the composition of the colloidal mixture. This aspect was
studied first on discrete samples with defined mixtures and then transferred to gradient
colloidal crystals. Since the film formation entailed a visible loss of structural coloration,
this novel type of photonic crystal could be used as a time-temperature integrator with a
very simple optical readout.

The second project was a follow-up and also applied mixed colloidal crystals as time-
temperature integrators with a more detailed readout. The system’s complexity was
increased using four different particle types that could co-crystallize. Much faster and
automated sample preparation was necessary here. This was made possible by a contact
printing procedure that prepared several hundred identical samples comprising colloidal
crystal arrays. The samples were characterized in-situ during the film formation with a
smartphone camera to showcase the user-friendliness of this system. An artificial neural
network could be developed that took pictures of a sample with an unknown thermal
history as input and provided both time and temperature independently as output.

The third project also applied the dual syringe pump method for lateral gradients in
colloidal assemblies. However, the objective here was not to prepare a sensor but to
use the composition gradient as a screening platform. Several binary combinations of
particles with different sizes were applied, and the optical properties were shown to
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depend strongly on the diameter ratio and composition. Gradient samples, coupled with
scanning microspectroscopy along the coating direction, provided large data sets. These
described the optical properties of bidisperse mixtures over the entire composition range
with a high resolution yet required only a few samples. An adjustable photonic stop
band, as well as optimum light scattering, could, thereby, be distinguished.

The fourth project in this line of functional photonic gradients also aimed to tailor the
optical properties. Here, the gradient was directly used to increase the reflectivity in the
visible range. Instead of a lateral composition gradient, the objective was to prepare a
thin, particulate film with a continuous particle-size gradient orthogonal to the surface.
This required a novel semi-batch synthesis with gradual extraction and a subsequent
semi-continuous filtration setup for the particle assembly. When examining the cross
section, this revealed a photonic glass film with structural colors spanning the entire
visible spectrum. In addition, light reflected from the top surface exhibited adjustable
and optimized broadband reflectance.

All of these materials comprise densely packed particles with air in the interstitial spaces.
This is an ideal starting point for a range of further projects that either directly make
use of the gradient superstructure or apply the established procedures for other types of
materials.
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Zusammenfassung

Diese Arbeit umfasst vier Projekte, die neue Errungenschaften auf dem Gebiet der
kolloidalen Materialien vorstellen. Das gemeinsame Thema aller Projekte ist die Real-
isierung von übergeordneten Gradienten in kolloidalen Kristallen und Gläsern, die neue
Möglichkeiten zur Nutzung der photonischen Eigenschaften bieten. Als Modellsystem
wurden sphärische Polymerpartikel verwendet, wobei die beiden wichtigsten Parameter,
die auf Einzelpartikelebene verändert wurden, die Größe und die thermischen Eigen-
schaften sind. Komplexität in Form von definierten Gradienten wurde durch die Kontrolle
und Anpassung der räumlichen Verteilung in gemischten Systemen eingeführt. Dies
wurde durch eine Reihe neuer Synthese- und Selbstorganisationsverfahren für Größen-
und Zusammensetzungsgradienten in photonischen kolloidalen systemen ermöglicht.
Der Schwerpunkt lag hier auf der Etablierung neuer Konzepte. Jedes Projekt präsentiert
am Ende eine mögliche Anwendung, jedoch erwarte ich, dass diese Konzepte in Zukunft
auch in benachbarten wissenschaftlichen Bereichen etabliert werden.

Das erste Projekt begann mit der Entwicklung eines neuartigen Beschichtungsverfahrens
für laterale Zusammensetzungsgradienten in kolloidalen Mischkristallen. Dazu wurden
zwei Partikeltypen gleicher Größe mit einer Methode basierend auf zwei Spritzenpumpen
aufgetragen, ähnlich der Tauchbeschichtung. Die beiden Partikel unterschieden sich
in ihren thermischen Eigenschaften, was zu einer Filmbildungskinetik führte, die von
der Zusammensetzung der kolloidalen Mischung abhing. Dieser Aspekt wurde zunächst
an diskreten Proben mit definierten Mischungen untersucht und dann auf kolloidale
Gradientenkristalle übertragen. Da die Filmbildung mit einem sichtbaren Verlust der
strukturellen Färbung einherging, konnte dieser photonische Kristall als Zeit-Temperatur-
Integrator mit einer einfachen optischen Auslesung verwendet werden.

Das zweite Projekt ist ein Folgeprojekt und verwendet kolloidale Mischkristalle als
Zeit-Temperatur-Integratoren mit einer detaillierteren Auslesung. Die Komplexität des
Systems wurde durch die Verwendung von vier verschiedenen Partikeltypen erhöht, die
kokristallisieren können. Hier war eine schnellere und automatisierte Herstellung nötig.
Ermöglicht wurde dies durch ein Kontaktdruckverfahren, mit dem mehrere hundert
identische Proben aus Matrixfeldern hergestellt wurden. Die Proben wurden während
der Filmbildung mit einer Smartphone-Kamera in-situ charakterisiert, um die Benutzer-
freundlichkeit dieses Systems zu demonstrieren. Ein künstliches neuronales Netz wurde
entwickelt, das Bilder einer Probe mit einer unbekannten thermischen Vorgeschichte als
Input nahm und Zeit und Temperatur unabhängig voneinander lieferte.
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Im dritten Projekt wurde ebenfalls die Beschichtungsmethode basierend auf zwei Spritzen-
pumpen für laterale Gradienten in kolloidalen Anordnungen angewandt. Das Ziel war
hier jedoch nicht die Herstellung eines Sensors, sondern die Nutzung des Zusammenset-
zungsgradienten als Plattform für detaillierte Studien. Es wurden mehrere binäre
Kombinationen von Partikeln unterschiedlicher Größe verwendet, und es zeigte sich,
dass die optischen Eigenschaften stark vom Durchmesserverhältnis und der Zusam-
mensetzung abhängen. Gradientenproben, gekoppelt mit Mikrospektroskopie entlang
der Beschichtungsrichtung, lieferten umfangreiche Datensätze. Diese beschrieben die
optischen Eigenschaften von bidispersen Mischungen über den gesamten Zusammenset-
zungsbereich mit hoher Auflösung, wobei nur wenige Proben benötigt wurden. Dabei
konnte ein einstellbares photonisches Stoppband sowie optimale Lichtstreuung realisiert
werden.

Das vierte Projekt in dieser Reihe funktioneller photonischer Gradienten zielt ebenfalls
auf die Anpassung der optischen Eigenschaften ab. Hier wurde der Gradient direkt
genutzt, um die Reflektivität im sichtbaren Bereich zu erhöhen. Anstelle eines lateralen
Zusammensetzungsgradienten sollte ein dünner Film mit einem kontinuierlichen Par-
tikelgrößengradienten orthogonal zur Oberfläche hergestellt werden. Dies erforderte
eine neuartige Semi-Batch-Synthese mit schrittweiser Extraktion und eine anschließende
semikontinuierliche Filtration für die Partikelanordnung. Bei der Untersuchung des
Querschnitts zeigte sich ein photonisches Glas mit Strukturfarben, die das gesamte
sichtbare Spektrum abdecken. Darüber hinaus wies das von der Oberfläche reflektierte
Licht eine einstellbare und optimierte Breitbandreflektion auf.

Alle diese Materialien bestehen aus dicht gepackten Partikeln mit Luft in den Poren.
Dies ist ein idealer Ausgangspunkt für eine Reihe weiterer Projekte, die entweder den
Gradienten direkt nutzen oder die etablierten Verfahren für andere Materialtypen an-
wenden.
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Part I

Fundamentals





Introduction 1
When asked about my profession, I usually respond: "I’m a materials scientist." I illustrate
this by explaining that I have the great privilege to go to work and essentially play
with LEGO® bricks. At its core, this is precisely what my PhD was about. My building
blocks were spherical polymer colloids, and my objective was to find creative ways to
assemble these in structures that were previously not applicable and exhibited novel
functionality.

The most apparent common theme of all my projects was the self-assembly of colloids
with a superimposed gradient of a specific property. This required a significant degree
of control, and I developed a range of modified synthesis procedures to ensure this.
Controlling a colloidal system begins with the particle synthesis, where a narrow size
distribution and electrostatic stabilization must be achieved. Then, a range of interac-
tions must be considered when assembling the particles into ordered superstructures.
Interesting interactions with visible light occur when these particles are in the sub-micron
range. The gradients I introduced into colloidal systems made use of this in very different
ways, ranging from autonomous temperature sensors, over optical screening platforms,
to materials that showed superior and tailored optical properties.

Returning to the earlier analogy, one might say that I was in charge of fabricating my own
building bricks, thinking of how these could interact and assemble, and, at times, also
simply playing with them. Naturally, this does require knowledge of several important
concepts. The following chapters will begin with a theoretical background of colloid
science and photonic crystals, elucidating the range of possibilities in this field. Then,
the synthesis and assembly procedures and the advanced optical techniques needed to
characterize the gradients will be presented. An overview is shown thereafter, to present
my projects and how they are connected. Finally, the corresponding publications are
provided in the second part of the thesis.
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Theoretical Background 2
This chapter introduces the fundamentals of the topics addressed in this thesis. It starts
with the synthesis and self-assembly of colloids and elucidates the optical properties
of ordered and disordered media. Subsequently, state-of-the-art responsive photonic
materials and their use as sensors are provided. Finally, it concludes with an outline of
the emerging field of gradient superstructures in photonic colloidal assemblies, which is
brought into the context of the findings presented in this work.

2.1 Synthesis and Assembly of Colloids

The term ’colloid’ was coined by Thomas Graham in the 1860s: "The colloidal is, in
fact, a dynamical state of matter; the crystalloidal being the statical condition."1 This
dynamical nature already implied the usefulness and importance of colloidal systems
we have observed in the past decades.2 A colloid is generally defined as a mixed system
where one component is dispersed in another. Examples found in nature are smoke
(solid in gaseous), fog (liquid in gaseous), and milk (liquid in liquid). The definition
also requires the size of the inclusions to be between several nm and 1µm in at least one
dimension.3 Consequently, such systems are dominated by interfaces, and properties
can differ significantly from those of bulk materials.4

Inorganic colloidal particles

Colloid synthesis can be divided into 1) Top-down approaches, such as ball-milling of bulk
materials, and 2) Bottom-up approaches, where particles are prepared from molecular
precursors.5 The latter is of greater importance in this work, and some examples shall
be presented. A widespread example is the synthesis of amorphous silica particles in
aqueous suspension. Pioneered by Stöber et al.,6 the synthesis is based on controlled
equilibrium reactions of hydrolysis and condensation of precursor orthosilicates. It results
in particles between 50 - 2000 nm with a hydroxylated surface.7,8 Another important
example are gold nanoparticles, their use dating back to the first stained glass windows.
As established by Turkevich et al., synthesis proceeds via in-situ reduction of precursor
complexes9, and the resulting nanoparticles exhibit characteristic coloration due to
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localized surface plasmon resonance.10 Seeded growth methods can introduce further
complexity in the form of anisotropy.11 Lastly, besides these dielectric and metallic
particles, semiconductor quantum dots can be discerned. Confinement effects influence
the band structure and result in size-dependent absorption and emission of light.12,13

A non-trivial aspect of colloid synthesis is the fabrication of monodisperse particles, i.e., a
system with a narrow particle size distribution (PSD). As this is important for later assem-
bly, the underlying mechanism will be elucidated. Particle formation can be separated
into nucleation and subsequent particle growth. Classic nucleation theory begins with
the case of a metastable, supersaturated solution. Homogeneous nucleation is initiated,
but nuclei must first reach a critical radius before becoming thermodynamically stable.5
This can be explained by the two contributions to the Gibbs free energy change (∆G) in
equation 2.1:14

∆G =
4
3

r3∆gv + 4πr2σ (2.1)

Where r is the radius,∆gv is the difference in energy per unit of volume (always negative),
and σ is the surface tension. As the particle radius increases, the volume term (∝ r3)
begins to dominate the surface contribution (∝ r2). When surpassing the critical radius,
further addition of monomer units becomes energetically favorable, and particle growth
and a concomitant decrease of the supersaturation ensues. According to the LaMer
model,15 the formation of a narrow PSD is only possible by rapid nucleation, a fast
drop of the supersaturation, and, consequently, particle growth proceeding without
further nucleation. This model, however, was already criticized by Turkevich16, and
more recent research suggests that simultaneous nucleation and growth processes are
not necessarily detrimental to a narrow PSD. Smaller particles grow faster, and unifor-
mity can still be obtained.17,18 Finally, it must also be taken into account that in real
systems, heterogeneous nucleation by impurities such as dust plays a role and that after a
completed synthesis, smaller particles may dissolve while large particles grow (Ostwald
ripening).5

Polymer latex particles

The main building blocks of the structures presented in this work are submicron polymer
particles. Aqueous suspensions of polymeric colloids, i.e., latexes, are ubiquitous and
can be applied in paints, drug delivery, or as catalyst supports.19 In academic research,
monodisperse polymer particles are often used as constituents of ordered structures,
as they are readily available in large quantities.20 The synthesis entails both a radical
polymerization of monomers into polymer chains and the nucleation and growth aspects
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mentioned in the previous section.21 Special care must, therefore, be taken to control
this complex process. Polymer particles between 100 - 1000 nm and a narrow PSD
can be prepared by the surfactant-free emulsion polymerization (SFEP) established by
Ottewill.22 The components are an emulsion of monomer droplets in water, an ionic
comonomer, and a water-soluble radical initiator.23 In SFEP, homogeneous nucleation,
rather than micellar or monomer-droplet nucleation, occurs and is the first stage of the
reaction mechanism (Figure 2.1).24
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Figure 2.1.: Reaction mechanism of surfactant-free emulsion polymerization.

Upon homolysis of the initiator, the small amount of monomer dissolved in water reacts to
form oligomers. Further propagation causes the chain to become insoluble and collapse
into a primary particle. Only one charged moiety, attributed to the initiator molecule,
is present at this stage. Therefore, the primary particles are colloidally unstable, and
agglomeration proceeds to form mature nuclei.25,26 Further adsorption of oligomers
increases the charge density on the surface and, thereby, the stability of the dispersion.
During the subsequent growth phase, monomer diffuses from the droplets, swells the
growing particles, and polymerization primarily occurs on the interior. At approximately
40 % conversion, the droplets are consumed, and in the last phase, the remaining
monomer inside the particles is polymerized until the conversion plateaus (usually
above 95 %).24 The electrostatically stabilized, monodisperse particles can then be used
as-synthesized, or further growth can be initiated via a semi-batch process, mostly under
monomer starved conditions.27

Other approaches to polymer latex particles are, e.g., suspension polymerization, where
an oil-soluble initiator is applied, and polymerization ensues inside the monomer
droplets.28 Alternatively, dispersion polymerization proceeds via precipitation from
a homogeneous mixture.29,30 The latter is often used for the fabrication of particles
greater than 1µm31 and soft microgels.32

Altering the composition of the polymer particles via copolymerization allows further
control over material properties. The glass transition temperature (Tg), for example,
can be adjusted between -50 and 125 ◦C by changing the ratio of methyl methacry-
late (MMA) and n-butyl acrylate (nBA) in a random copolymer.33 Further alterations via
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post-synthesis modification of particles can lead to more complex particle morphologies.
One example is the formation of core-shell particles34,35, which can be transformed
into hollow spheres via calcination.36,37 Another is unidirectional stretching, which can
change the aspect ratio and result in monodisperse ellipsoidal particles.38,39 Finally,
swelling with apolar solvents and diffusion of amphiphilic copolymers or dyes into the
particles provides pathways to steric stabilization40 and fluorescent staining.41,42

Interparticle interactions

Particles suspended in an aqueous medium experience a multitude of interactions.
Precise adjustment is necessary to ensure both stable, agglomeration-free dispersions
and controlled self-assembly of particles.43 Beside external forces such as gravitation
and Brownian motion44,45 (the interactions with the molecular motion of water), several
interparticle interactions must be taken into account.46 Van-der-Waals interactions, for
example, are always attractive between identical surfaces. If two particles come into
close contact, this will cause irreversible aggregation. This effect competes with the
electrostatic double-layer force. Due to the high permittivity (ε) of water, most surfaces
in an aqueous environment are charged. Electroneutrality is provided by an inner
Stern layer of adsorbed ions and an outer diffuse (or Gouy-Chapman) layer. If two
similarly charged surfaces approach each other, the respective diffuse layers overlap,
and the consequential disjoining pressure causes repulsion. The interplay of these two
contributions was famously investigated by B. Derjaguin, L. Landau, E. Verwey, and
T. Overbeek.47,48 It is elucidated in the accordingly named DLVO theory which provides
the interaction free energy w(x) per unit area between two infinitely extended surfaces
separated by a gap x:49

w(x) = 64c0kBTλD

�

eeψ0/(2kBT − 1
eeψ0/(2kBT − 1

�2

e−x/λD

︸ ︷︷ ︸

Electrostatic double layer

−
AH

12πx2
︸ ︷︷ ︸

van-der-Waals

(2.2)

Where c0 is the bulk concentration of salt, kB is the Boltzmann constant, T is the
temperature, ψ0 is the surface potential and AH is the Hamaker constant, specific for the
respective surfaces and the medium between them. The Debye length (λD) is dependent
on both the concentration of each type of ion (ci) as well as the valance (Zi):49

λD =

�

e2

εε0kBT

∑

i

ci Z
2
i

�− 1
2

(2.3)
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Where e is the elementary charge. However, the interaction energy between two bodies
is not just dependent on the material properties and the distance. It is also influenced
by the shape of the particles. In this work, interactions between identical spheres are of
interest. The Derjaguin approximation50 allows a simple derivation of the energy (W )
between two spheres with the same radius (R) from the energy per unit area of infinitely
extended planes. (w(x)). This is dependent on the distance (D) between the spheres.
An assumption that must be true here is that the interaction range is much smaller than R

and, therefore, the interaction is dominated by the caps of the spheres:49

W (D) = πR

∞
∫

D

w(x)dx (2.4)

Applying the Derjaguin approximation 2.4 to the DLVO equation 2.2 provides the inter-
action free energy for spheres in an aqueous solution of electrolytes. This is a significant
relationship when examining the stability of dispersed colloids and has been verified by
experimental force measurements.51 The derivation assumes that at large distances the
interaction energy W (∞) is zero:

W (D) = 64c0kBTλ2
DπR

�

eeψ0/(2kBT − 1
eeψ0/(2kBT − 1

�2

e−D/λD −
AHR
12D

(2.5)

By applying equation 2.5 the stability of aqueous suspensions can be predicted at differ-
ent ionic strengths. For a typical suspension of polymer latex particles, one can assume
AH = 1.0 × 10−20 J and ψ0 = 50 mV.52 In Figure 2.2a the interaction potential, cal-
culated via equation 2.5 is shown for particles with a diameter of 250 nm, for various
concentrations of a monovalent salt such as NaCl.
a) b)

Figure 2.2.: Visualization of the DLVO theory. a) Interaction potential in units of kBT for different
salt concentrations. b) Maximum of the energy barrier with respect to the salt concentration and
surface potential. The shaded area is where aggregation occurs (W > 10 kBT .)
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As a simplification, the surface potential is assumed to be independent of the ionic
background. With an increasing amount of ions in the solution, the energy barrier
caused by electrostatic repulsion becomes smaller. As a rule of thumb, the dispersion
becomes colloidally unstable when the maximum potential is lower than 10 kBT , and
particles will irreversibly aggregate.49 The importance of the ionic comonomer, which
introduces charged moieties on the surface of the polymer particles, becomes apparent
in Figure 2.2b. The maximum of the interaction potential is shown with respect to both
the salt concentration as well as the surface potential. The grey shaded area shows the
aggregation regime, which is reached at lower ionic strengths when charge concentration
on the particle surface is reduced. When transitioning from a monovalent salt to ions of
a higher valence, this induces a much more significant reduction of the Debye length
(see equation 2.3).
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Figure 2.3.: Interparticle interactions relevant during the self-assembly of colloids a) Schematic
of two overlapping electric double layers. b) Immersion capillary force between particles on a
solid support.

Besides van-der-Waals forces and the electrostatic double layer interaction (Figure 2.3a),
other interparticle forces must be considered. The addition of polymeric substances
can introduce interactions such as steric stabilization53 (especially relevant in apolar
solvents) as well as flocculation via bridging54 or depletion forces.55 Another non-DLVO
interaction that becomes important when particles are present at an air-liquid interface
is the occurrence of capillary forces.56 These are the basis of several assembly techniques
for microparticles.57 Particles on a solid support, partially immersed in a liquid film,
are subjected to immersion capillary forces (Figure 2.3b). Identical particles with good
wetting properties are attracted and approach each other upon evaporation of the liquid.
The force can be quantified with respect to the respective densities (ρ) of the liquid (L)
and the particles (P) as well as the contact angle (θ) between the particle surface and
the liquid:58

F(D) = −
γLR6π

18κc(D+ 2R)

�

2− 4
ρP

ρL
+ 3cosθ − cos3 θ

�2

(2.6)

Where κc is the capillary constant and γL the surface tension (2.7 mm and 72 mN m−1,
respectively, for water). If the interplay of electrostatic stabilization and attraction via
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capillary action is optimal, monodisperse particles tend to self-assemble into densely
packed, highly ordered structures.59 Due to distinct parallels of this process to crystalliza-
tion on a molecular level, the resulting periodic structures are termed colloidal crystals.60
Most processes favor a densely packed structure with a filling fraction of 0.74 and either
a face-centered cubic (fcc) structure or a random mixture of cubic and hexagonal closed
packing.61 The thin films examined in this work mostly exhibit an fcc structure kinetically
promoted via viscous drag during the assembly.62 Different techniques exist to produce
colloidal crystals from aqueous suspensions, and the most relevant will be presented in
the following.

Self-assembly of colloidal crystals

Colloidal crystals (CCs) exist as either 2D hexagonal monolayers or 3D ordered structures.
Various interface-mediated methods exist to fabricate monolayers,63–65 but the focus of
this work will lie on 3D colloidal assemblies.

The simplest and fastest way to assemble particles from a suspension is drop-casting on
a flat surface and subsequent water evaporation. However, evaporation usually proceeds
faster at the droplet’s edges and entails radial mass flow from the center outwards, the
so-called coffee-stain effect. Several techniques can overcome this. First, adding a second
solvent to the mixture induces gradients in the surface tension and, thereby, Marangoni
flow, which counteracts the outwards transport.66 Alternatively, optimizing external
parameters such as temperature and relative humidity has been shown to induce a
milk-skin-like layer of colloids on the air/water interface.67 This effectively seals the
drop and ensures a uniform coating. Lastly, drop-casting on superhydrophobic surfaces
circumvents pinning during the drying procedure, allowing for a receding contact line
and, thereby, uniform and crack-free assembly.68

a) b) c)

Figure 2.4.: Self-assembly methods for the fabrication of colloidal crystals. a) Drop-casting.
b) Vertical deposition. c) Sedimentation/Centrifugation.

A widely used method for large-area and uniform coating is vertical deposition. A
substrate is immersed in the suspension, and either by pulling out the substrate or
letting the water evaporate, the contact line moves along the surface.46 While some
inhomogeneities, such as thickness variations along the coating direction, can occur due
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to meniscus pinning,69 in general, this presents a controlled and simple process to thin
films of CCs.70,71 Vertical deposition is also often used to fabricate composite CCs via the
co-assembly of particles and inorganic precursors,72 where the voids between particles
are filled with compounds such as silica or titania. Subsequent calcination provides a
route to inverse opals, an entire field of research in its own right.73,74

If left still, suspended particles will sediment due to gravitation and assemble at the
bottom of the container.75,76 As the differences in density are rather small between
polymers and water, this process is often sped up by centrifugation.77 Since the formation
occurs in water, the resulting structure can be retained inside a hydrogel.78

Further complexity can be added to CCs by an additional level of hierarchy.46 A straight-
forward approach is coating a substrate that is not homogeneous but exhibits a pattern
with a periodicity greater than the particle size. Topographically or chemically patterned
substrates can both be applied. Examples of the former are the assembly of particles in
vertical trenches79, a sinusoidal topography80, or more complex patterns that control
the nucleation and degree of disorder81. Chemical patterning, on the other hand, forces
selective particle assembly on hydrophilic sections of an inhomogeneous substrate82,83.
Patterns on a larger scale can be fabricated as arrays of small crystalline spots. These
can be fabricated via transfer printing84 or inkjet printing.85 The latter resembles re-
peated drop-casting of minute suspension volumes into a defined superstructure that
can have either a functional or an artistic purpose.86,87 A last, rather different example
is the assembly of several particles into supraparticles. Slow diffusion of water from
suspension droplets in an oil-in-water emulsion results in a superordinate spherical or
polyhedron shape via the assembly of particles.88 These supraparticles are interesting
model systems89,90 and can even be assembled into ordered structures themselves.91

Self-assembly of colloidal glasses

Monodisperse particles tend to spontaneously form densely packed, periodic structures
when assembled from a suspension. While it may seem counter-intuitive, it is, therefore,
a more significant challenge to fabricate fully disordered colloidal assemblies from
suspensions with a narrow PSD. Since the monodisperse nature of the particles is of great
importance later for the optical properties of the ensemble, some fabrication methods
will be illustrated here. Generally, two extreme cases can be discerned: 1) ordered
colloidal crystals and 2) disordered colloidal glasses (CGs). Between the two, many
unwanted cases exist, such as microcrystalline domains in an amorphous matrix or a
crystalline overlayer with a disordered, underlying structure.92 To obtain a homogeneous
CG, dense packing must be entirely prevented. The filling fraction of an amorphous
case is naturally lower than in crystalline assemblies. An empirical determination of
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the volume fraction of spheres in a random closed packing (rcp) provided the widely
accepted value of 0.64.93 However, due to the ill-defined nature of disordered assemblies,
a multitude of structures can be realized, with different degrees of disorder and filling
fractions.94

One of the first approaches to producing monodisperse CGs was adding excess electrolytes
to the solution, thereby overcoming the electrostatic repulsion between particles. This
decreases the kinetic stabilization observed in the DLVO theory for various ionic strengths
in Figure 2.2. When enough salt is added and this potential barrier W (x) is reduced
below 10kB T , Brownian motion causes collisions between particles. At small distances,
attractive Van-der-Waals interactions dominate, and the system falls into the primary
energy minimum of the DLVO equation. Irreversible aggregation into random clusters
ensues. The CG begins to form, and large samples can be formed via the evaporation of
water. Interestingly, the resulting structure can be tailored by changing the amount of salt.
A greater ionic background reduces the filling fraction, which can be adjusted between
0.55 and 0.64.92 The flocculation can also be initiated by adding polyelectrolytes, which
additionally provide mechanical stabilization.95 Furthermore, this allows layer-by-layer
assembly of thin CG-films on flat substrates.96

In many systems, adding a (poly-)electrolyte might be unwanted. An alternative ap-
proach to CGs is to rely on interparticle friction and jamming in a metastable state.
This can, for example, be achieved via the filtration of an aqueous suspension. The fast
assembly process can ensure the jamming of particles in the filter cake.97 Clogging and
accumulation at pore entrances thereby promote the formation of irregular structures.98
Jamming may also be achieved by processing dry powders of monodisperse particles99
or highly concentrated pastes. The latter even allows the realization of intricate super-
structures via 3D printing.100 Lastly, jammed particle assemblies can also be realized
by self-assembly in confinement, which does not allow for rearrangements necessary to
provide a crystalline order.101

The assembly of bidisperse colloidal mixtures is an approach that compromises the
monodisperse nature yet allows simple sample preparation. While some specific diameter
ratios and compositions allow co-crystallization,102,103 the mixture of two particles with
different sizes (or shapes) will mostly result in the isotropic case of a CG.104,105 The
binary mixture can even provide further functionality, as one particle type might act
as a broadband absorber and the other as the primary source of light scattering. The
ensemble can thereby exhibit optical properties not applicable with either of the single
components.106 Other assembly procedures for CGs include electrophoretic deposition107,
spray-coating combined with fast evaporation108 and an increase of the surface roughness
of particles.109
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2.2 Optical Properties of Ordered Systems

The previous section showed how colloids are synthesized and assembled into specific
superstructures. Now the focus will lie on the light-matter interactions of these materials.
This section will introduce relevant aspects in ordered systems, i.e., homogeneous bulk
materials and periodic photonic crystals.

Homogeneous materials

Light is known to behave both as a particle (photon) as well as a wave. The former is
relevant in processes such as absorption, but the wave nature is better suited to explain
the interactions in the cases presented here. Therefore, the wave function dependent on
the time (t) and the position (r⃗) is defined:110

Ψ(r⃗, t) = A0 cos
�

2πνt − k⃗ r⃗ +φ
�

(2.7)

Where A0 is the amplitude, ν the frequency, and φ the phase shift. The vector k⃗ describes
the orientation of the wave, and the magnitude is defined by k = 2π/λ, where λ is the
wavelength. Mainly, phenomena occurring in the visible range will be examined here,
which means λ ranges between 380-750 nm.111

When a beam of light hits an interface between air and a solid, various interactions
can play a role (Figure 2.5a). The light can be reflected (R), absorbed (A), scattered at
inhomogeneities (S), or simply transmitted (T). Due to energy conservation, the sum of
all separate intensities must equal the incident intensity (I0).112 For now, reflection and
transmission are the most relevant. The scattering of light in disordered systems is the
focus of the next section.
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Figure 2.5.: Interaction of light with bulk materials. a) All possible interactions of light and
bulk matter. b) Refraction and reflection at an interface of two materials. c) Shortening of the
wavelength when light passes through a material with a high refractive index.
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When examining the transmitted light, it becomes apparent that the propagation direction
changes inside the material (Figure 2.5b). The angles of the incident ray (θ1) and the
refracted ray (θ2) to the surface normal can be correlated with the respective refractive
indices (ni) by Snell’s law:112

sinθ1

sinθ2
=

n2

n1
(2.8)

The refractive index also has an influence on the wavelength of light inside the material
(Figure 2.5c). With an abrupt increase in the refractive index, both the wavelength and
the speed of light inside the medium decrease. The frequency, however, must remain
constant due to energy conservation.112

Reducing at least one dimension of the material to a size that roughly corresponds to the
wavelength of the incident light results in more interesting interactions. One illustrative
example is the structural color of thin films that do not rely on selective absorption but
rather interference of parallel waves (Figure 2.6a).112

a) b)
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Figure 2.6.: a) Interference of light caused by a thin film of silica. b) Reflectance of the film at
different thicknesses given in units of the wavelength λ.

As a monochromatic light beam hits the interface between air and the thin film, the beam
is reflected and refracted. This repeatedly happens at both interfaces and causes parallel
waves to experience a phase shift. Interference of these waves can be constructive if
they are in phase or result in cancellation if the phase shift is a multiple of π.113 For a
fixed wavelength, the reflectivity is dependent on the angle and the optical thickness
([d]i = ni · di) of the film. For normal incidence the reflectance (R) is given by:112

R=
1− cos

�

2πni di
λ

�

1+ cos
�

2πni di
λ

� (2.9)

In Figure 2.6b, this relationship is plotted, and it becomes apparent that constructive
interference of the reflected light occurs when the optical thickness is λ/4, while transmit-
tance dominates at multiples of λ/2. If the thickness is fixed and the film is illuminated
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with white light, some wavelengths experience strong reflection while others do not, and
the film appears colorful. This, for example, explains the color of an oil film on water
and the iridescence of pigeon feathers.114 Such effects can significantly be enhanced in
periodic multilayers, which will be discussed in the next section.

1D photonic crystals

A multilayer structure comprising multiple bilayers of two materials with different
refractive indices is examined (Figure 2.7a). Both types of layers fulfill the λ/4 condition
for the same wavelength. In this example, the multilayer consists of alternating layers of
amorphous silica (nSiO2 = 1.5)115 and amorphous titania (nTiO2 = 2.5).116

c)

n1

n1
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n2

a) b)

Figure 2.7.: a) Schematic of a quarter wave stack. b) Reflectance of the wavelength corre-
sponding to the λ/4 condition as a function of the number of bilayers. c) Calculated reflectance
spectrum for a stack comprising silica and titania with a maximum reflectance set at 500 nm.

Multiple reflections and an accumulation of the interference phenomena provide a much
higher reflectance than the single thin film. The maximum reflectance of such a quarter
wave stack increases with the number of bilayers (N):112

R=

�

1− (n1/n2)2N

1+ (n1/n2)2N

�2

(2.10)

The reflectance quickly reaches a value close to 100 % at about five bilayers (Figure 2.7b),
which elucidates why this type of structure is also called a dielectric mirror.117 Naturally,
the next question to arise is how the reflectance behaves over a broad spectral range when
most wavelengths do not fulfill the λ/4 condition. One possible approach to this problem
stems from ray optics. It is called the transfer matrix method, and allows the derivation
of the optical properties of a system comprising a series of multiple components.118–120
The calculated spectrum in Figure 2.7c shows how the multilayer structure acts as a
perfect mirror for a wavelength band around the value for which the λ/4 condition
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applies (here: 500 nm). The width of this band correlates with the refractive index
contrast between the two materials.121 Additionally, higher order peaks can be observed
at (2n+ 1)νmax .

This dielectric mirror, also known as a 1D photonic crystal (1D-PC), is generally char-
acterized by a periodic variation of the refractive index along one axis. This term
originated towards the end of the 20th century when a novel way of explaining the
optical properties of such materials evolved.122,123 The theory treats the propagation
of electromagnetic waves through a periodic structure similar to that of electrons in a
crystalline semiconductor.124,125 An analogous band structure can be derived, which
has significant advantages, such as an intuitive illustration of the photonic properties
of materials with periodicity in two or three dimensions. For the 1D case, a heuristic
illustration is shown in Figure 2.8a.126
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Figure 2.8.: a) 1D photonic crystal with the modes corresponding to the upper and lower
bound of the band gap as shown in Ref. [126]. b) Dispersion relation showing the band structure
of the photonic crystal. c) Dispersion relation of an arbitrary homogeneous material.

Waves with a wavelength much greater than the thickness of one bilayer (a) are not
significantly affected. However, as the wavelength gets smaller (k increases), a critical
point is reached when λ= 2a. Two possibilities exist, and the extrema of the electric field
vector can either lie in the domains with a high or a low refractive index. The two modes
experience different localization of the energy density.126 Since the wavelength of the two
is the same, the frequency must be different, and the states become non-degenerate. The
dispersion relation exhibits a gap between the two states and comprises frequencies not
sustainable in the 1D-PC (Figure 2.8b). This results from the condition that such states
must be orthogonal to each other.127 The band gap corresponds to the broad, cut-off
peak in the reflectance spectrum in Figure 2.7c as it represents a different way to explain
the same physical effect. Concomitantly, the width of the band gap is also proportional
to the refractive index contrast (∆n). For comparison, a homogeneous medium exhibits
a linear dispersion, also known as the light line, and no band gap (Figure 2.8c).126 Since
no actual periodicity exists, an arbitrary value of a is assigned. The folding at k = π

a in
both dispersion relations occurs due to symmetry and the definition of a Brillouin zone
in which all k⃗ are defined. This will be elucidated in the next section on 2D-PCs, as these
allow intuitive illustrations of the principles involved.
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2D photonic crystals

2D-PCs are materials with periodicity along two axes and homogeneity along the third.
A classic example is infinitely extended cylinders assembled in a repetitive pattern. Here,
the derivation of the band structure from the specific spatial distribution of the refractive
index in such a heterogeneous material will be discussed. Prior to this, and as the
name ’photonic crystal’ suggests, we must first recognize some mathematical tools from
crystallography. Geometrically, the only difference from molecular or ionic crystals is the
length scale, and many of the same concepts apply here as well.

Three-dimensional crystal structures can be described by seven types of lattice systems
that describe the shape of the unit cell. Adding specific locations of lattice points in this
unit cell provides the 14 Bravais lattices, which comprise all possible types of periodic
3D patterns. By decorating this unit cell with constituents exhibiting their own specific
point symmetry, 230 space groups can be defined. Since this work focuses on isotropic
shapes (cylinders in 2D and spheres in 3D), only the Bravais lattices are relevant. In two
dimensions, their number is reduced to 5.128 In Figure 2.9, a rectangular lattice with the
unit cell spanned by the translation vectors a⃗ and b⃗ is shown. Note that many cases exist
where the primitive unit cell does not correspond to the conventional unit cell. The latter
can incorporate more than one lattice position and is often chosen for visualization as it
best reflects the symmetry of the lattice, albeit containing redundant information.129
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Figure 2.9.: a) Three dimensional and b) two-dimensional representation of a rectangular
pattern of infinitely extended cylinders with the unit cell shown in blue. c) Reciprocal lattice
with the full and irreducible Brillouin zone shown in red and orange, respectively.

Another way of describing this pattern is by means of the reciprocal lattice. This will
prove very practical when examining the interaction of waves with periodic media.
Similar to the lattice in real space, it is also defined by two vectors A⃗ and B⃗, where A⃗ is
defined as perpendicular to b⃗ (or to b⃗× c⃗ in 3D) and a magnitude inversely proportional
to the spacing of lattice planes Λ.128 In reciprocal space, the primitive unit cell in the
form of the Brillouin zone (BZ) is usually chosen. This is equivalent to the Wigner-Seitz
cell in real space and is constructed via Voronoi tesselation. All areas are incorporated
closer to one specific lattice point than any other point (Figure 2.9c).130 The BZ of the
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rectangular case shows mirror symmetry along the vertical and horizontal axes, which
implies some redundancy. Further reduction is possible in the form of the irreducible
Brillouin zone (iBZ). This is the smallest possible part of the BZ that still fully describes
the entire lattice.131 Now that we have an efficient way of describing the periodic variation
of the refractive index, we can begin to think about how such a structure might interact
with an electromagnetic wave. From the observations made in the previous section, it
already stands to reason that interesting effects will occur when the lattice periodicity
and the wavelength of incident light are on a similar length scale.

An incident plane wave propagating through a periodic array of cylinders with a high
refractive index will be affected by this structure. Since the speed of light in the cylinders
is lower than in between, perturbations occur. This results in the amplitude of the plane
wave taking on the symmetry and periodicity of the structure. This relation closely
resembles that of electrons affected by the periodic potential in a crystal lattice. Similar
to the analogy, Bloch’s Theorem can be applied here. The overall field can thereby be
defined as the product of the plane wave with an envelope function that contains the
information of the periodic lattice:132

H(r⃗)
︸︷︷︸

Overall field

= A⃗k(r⃗)
︸ ︷︷ ︸

Envelope

· eik⃗ r⃗
︸︷︷︸

Plane wave
(2.11)

Generally, when examining phenomena regarding macroscopic electromagnetism, one
will be confronted with Maxwell’s equations. This will be touched upon briefly since
one significant relation is essential here: that of the Eigenvalue problem.133 Some
assumptions and simplifications must be made. For example, the material is assumed
to be transparent, and the dispersion, i.e., the frequency dependence of the refractive
index, is neglected. For these assumptions, the permittivity (ε(r⃗)) of an ideal dielectric
medium is related to the refractive index by ni(r⃗)≈

p

εi(r⃗). Maxwell’s Curl equations
can then be applied to yield the following wave equation:126

∇×
�

1
ε(r⃗)
∇× H⃗(r⃗)

�

=
�ω

c

�2
H⃗(r⃗) (2.12)

Where the circular frequency ω is equal to 2πν and ∇ is the Nabla operator, the cross
product of which denotes the curl (or rotation) of a vector field. Inserting equation 2.11
into equation 2.12 provides a so-called Eigenvalue problem. This means that for a
given structure ε(r⃗) and a Bloch-vector k⃗, there exist infinite yet discrete solutions
(frequencies). These so-called Bloch modes describe the electromagnetic waves that are
sustained in the structure.133 For a full analysis of the 2D structure, computation of all
vectors defined by the area in the iBZ would have to be performed. However, computation
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time is generally reduced by simply examining vectors at the edges of the iBZ. In highly
symmetric cases, this is adequate since this incorporates the states where local maxima
and minima of the photonic bands occur.134 The corners of the iBZ are labeled with
uppercase letters following a specific nomenclature129, and solutions to the Eigenvalue
problem are calculated for equidistant vectors k⃗ between these points. The Eigenvalues,
in succession, are referenced by their order (n) which allows the combination of solutions
for different k⃗ to the aforementioned photonic bands.126

Thankfully, efficient tools have been developed for deriving these band structures, among
others, by the group of J.D. Joannopoulos, who belongs to the pioneers of this area. Useful,
open-source packages for the programming language Python3 exist and can be applied
to analyze arbitrary structures.135 For the intents and purposes of this introduction, the
software can be seen as a black box for solving the Eigenvalue problems given by the
combination of Maxwell’s equations and the Bloch theorem. In short, the Finite Difference
Frequency Domain (FDFD) method is applied, which provides numerical solutions for
the Eigenvalues, which in combination make up the photonic band diagram.126 Here,
this will be applied to a hexagonal structure of infinitely extended rods (Figure 2.10a).
The rods are air (ε ≈ 1), and the surrounding medium is titania (ε ≈ 6). The radius
of the rods is set to 0.4 a, where a is the periodicity of the lattice. Note that this lack
of specification of the length scale can be maintained throughout the entire derivation.
Therefore, the interaction of sub-micron structures with visible light as well as millimeter
structures with microwaves, can be described with the same band diagram (assuming a
constant refractive index). The first ten bands are calculated and combined in the band
diagram shown in Figure 2.10c.
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Figure 2.10.: a) A hexagonal lattice of air cylinders in a matrix of amorphous titania. b) The
corresponding (irreducible) Brillouin zone with annotations showing the labels at the corners.
The red arrows along the edge of the iBZ indicate in which succession the Eigenvalues are
calculated c) Band diagram calculated with the MPB package provided for Python.135,136 The
red arrows correspond to those in (b).

The most important feature of the band diagram can be observed between the first
and second-order bands. Here, a photonic band gap (PBG) exists over the entire range,
which denotes frequencies of waves that cannot propagate through the material in any
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direction. These are consequently reflected, which can result in bright structural colors.
It should be noted here that the band structure is only shown for one polarization (the
TE mode). For a true photonic band gap, the TMmode must also be considered. Different
design rules apply to the two modes, and photonic bandgap engineering must find a
compromise between them.126

Since the design of a structure also necessitates its realization, the self-assembly of
monodisperse particles into periodic superstructures is of great value for this research
area. Consequently, many of the photonic crystals that can easily be fabricated are
periodic in three dimensions. This class of PCs will be discussed in the next section.

3D photonic crystals

While 2D-PCs are useful for visualizing the origin of photonic band gaps, the three-
dimensional version plays a more prominent role in materials science. These 3D-PCs
can be fabricated in a variety of ways. Standard examples are liquid crystals137,138,
microphase separated block copolymers139,140 and self-assembled colloidal crystals141.
The simplest fabrication is provided by the CCs (also: ’synthetic opals’), which will play
a significant role in this work. In 3D-PCs, Bloch modes exist in all three dimensions, and
if the periodicity is in the sub-micron range, the material can exhibit bright structural
colors.142,143

As mentioned in section 2.1, monodisperse colloids tend to assemble in the form of
stacked, hexagonal layers. Depending on the fabrication technique, these can be in
a random sequence (e.g., ABACBA) or, as is the case for vertical deposition, in an fcc
structure (ABCABC).144 Both cases have in common that the substrate dictates the
stacking direction (Figure 2.11a).
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Figure 2.11.: Visualization of the fcc structure in colloidal crystals. a) 3D representation
of densely packed spheres. b) and c) Cross section showing the approach of the Bragg-Snell
equation for constructive interference of distinct wavelengths.

When examining a cross section (Figure 2.11b), it becomes apparent that these CCs
can be seen as periodic, dielectric layers, not unlike the 1D-PC shown in Figure 2.7a.
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Depending on the incident angle, different frequencies are forbidden inside the structure.
This causes reflection of the corresponding waves and iridescent (angle-dependent)
structural coloration (Figure 2.11b).145 Due to the predetermined stacking geometry,
a simple formula can be derived for the wavelength at which constructive interference
occurs. Here, the surrounding medium is assumed to be air (n = 1). The colloidal
crystal is assigned an effective refractive index (neff) given by the weighted average of
the indices of colloids and the interstitial medium,146 and the (111)-interplanar distance
is provided by the height of a tetrahedron, i.e., d111 =

q

2
3 d. The difference in the optical

length ([d] = nd) that the two beams in Figure 2.11c traverse has to be a multiple (m)
of the wavelength for constructive interference to occur:

mλ= 2neff y − 2x (2.13)

Simple trigonometry provides the two lengths x and y:

y =
d111

cosφ
x = y sinθ sinφ =

d111 sinθ sinφ
cosφ

(2.14)

Inserting equations 2.14 into equation 2.13:

mλ= 2d111

�

neff − sinθ sinφ
cosφ

�

(2.15)

Taking into account the relation of sine and cosine (cos=
p

1− sin2) as well as Snell’s law
(equation 2.8: sinφ = sinθ/neff):
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Finally, the Bragg-Snell equation is obtained:

mλ= 2d111

Ç

n2
eff − sin2 θ (2.17)

These equations explain both the blue shift when observing CCs at increasing angles θ ,
as well as the red shift when a solvent enters the porous structure and replaces air.147,148
This responsive behavior will become important in section 2.4, where sensing applications
of responsive photonic materials is discussed. Many other applications also exist for
photonic colloidal crystals, such as waveguides with acute angles149,150 or dispersion
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engineering, where materials are designed that exhibit properties such as negative
refraction or self-collimation.151,152

As the name suggests, these synthetic opals were predated by naturally occurring opals.
These gemstones consist of monodisperse silica particles in a periodic superstructure and
therefore exhibit the same interference phenomena and structural coloration. In fact,
examples of all types of PCs can be found in nature. This includes multilayer, 1D-PCs in
nacre153,154, 2D-PCs in the tail feathers of male peacocks,155 as well as the mentioned
natural opals.156 Images showing the iridescence of these three examples are shown in
Figure 2.12.

a) b) c)

Figure 2.12.: Photonic crystals found in nature. a) 1D-PC in the form of Nacre. b) 2D-PCs in
the tail feathers of male peacocks. c) 3D-PCs comprising monodisperse silica spheres. Copyright
is my own.

The fact that these colors are angle-dependent suggests that a given wavelength is
reflected at a certain angle of incidence but can pass through the structure at another.
This would correspond to a gap in the band structure that is not continuous over the
entire iBZ. The fcc structure indeed does not possess a so-called full photonic band
gap (FPBG).126,157 The peaks observed in the reflectance spectrum of CCs are, therefore,
usually called stop bands rather than band gaps. To achieve an actual FPBG, a more
intricate design is necessary. Some improvement can be made when converting CCs
into inverse opals via templating.158 Other approaches that presented robust FPBGs
were presented in the form of a diamond lattice159 and the Yablonovite structure.160
One of the aspects that promote the formation of an FPBG is a structure with a high
degree of symmetry. The closer the BZ of a lattice resembles an isotropic sphere, the less
angle dependency will be observed.132 Simulations of photonic, quasiperiodic systems,
for example, exhibit smooth bands that facilitate band gap formation over the entire
width of the band diagram.161 The next step in this reasoning would be to examine the
potential photonic properties of fully amorphous (disordered) structures. Consequently,
the optical properties of such materials will be the focus of the following section.
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2.3 Optical Properties of Disordered Systems

Up to this point, the optical properties of homogeneous materials and heterogeneous
ordered superstructures were examined. However, examples where this periodicity is
not given also play a prominent role in nature and materials science. For example,
particle suspensions, roughened glass surfaces, and aerogels mostly appear milky white
or blueish due to light scattering.162 Contrary to what might be the intuitive impression,
the disorder does not mean loss of control. Precise tailoring of specific parameters in an
amorphous particle assembly allows the optimization of specific optical properties. The
fundamental aspects of this type of light-matter interaction will be discussed here.

Single-particle scattering

Scattering of light, e.g., at a roughened interface, is not specular as it is for the reflection
from a flat mirror. Light scattering instead causes a redistribution of electromagnetic
waves in (at first) seemingly arbitrary directions. On a single particle level, this angular
distribution depends on the respective particle diameter. Here, spheres are assumed to
consist of an ideal dielectric (lossless) material without resonances (such as electronic
transitions) in the examined frequency range. Only the real part of the refractive index
must, therefore, be considered.163,164

We will begin with particles with a diameter (d) much smaller than the wavelength of
incident radiation. For example, the interaction of 20 nm particles with visible light. The
charges in this particle will be affected by the oscillating electric field, and due to the
small diameter, this field can be assumed to be homogeneous over the entire particle.
This ’electrostatic approximation’ entails the induction of a simple dipole in the particle.
The dipole results from polarization via the acceleration of electrons away from the
nuclei, which, in turn, causes emission of electromagnetic radiation. Since the dipole
oscillates at the same frequency as the incoming wave, the emitted radiation matches
the wavelength of the scattered light, and the process is elastic.165,166 This phenomenon
is called Rayleigh scattering, and the scattering intensity (IS) can be quantified with
respect to the distance (R) from the particle and the scattering angle (θ):112
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The intensity profile of the emission caused by an oscillating dipole has the shape of a
torus (Figure 2.13a), which for unpolarized light results in the (1−cos2 θ ) dependency.167
The overall scattering intensity is affected by the ratio of the refractive indices of the
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particles (n1) and the medium (n2), which explains why particles in air scatter light
more efficiently than, e.g., in water. Furthermore, shorter wavelengths (e.g., blue light)
are affected stronger than longer wavelengths (e.g., red light). This is one of the most
notable characteristics, as Rayleigh scattering off molecules in the atmosphere gives
the sky its blue and sunset its red color.168 Finally, increasing the particle diameter also
results in much more efficient scattering. A suspension of nanoparticles that previously
appears transparent, can, therefore, suddenly turn opaque if aggregation occurs. This
monotonous size dependence, however, is only valid up to a certain point.

When the particle diameter reaches the range of the wavelength, the Rayleigh theory is
at its limit and cannot describe the light-matter interaction anymore.169 At this point, the
system must be explained by solving Maxwell’s equations, which was done analytically
for spheres by Gustav Mie in 1908.170 The aptly named phenomenon ’Mie scattering’ of
spheres is generally characterized by an enhanced contribution of forward scattering
and a more complex angle dependence (Figure 2.13b). Especially when the diameter
becomes larger than the wavelength, excitation of more complex modes results in side
lobes171 (Figure 2.13c).

d) e) f)

c)

d / λ = 10

a)

d / λ = 0.05

b)

d / λ = 0.5

Figure 2.13.: a)-c) Scattering profiles in different size ranges calculated with the miepython
package for python3.172,173 Light enters from the left of the graphs and 0◦ corresponds to forward
scattering. The data is normalized and plotted on a logarithmic scale to highlight details in the
angle dependence. Blue profiles correspond to light polarized parallel to the plane of the graph,
and orange profiles to perpendicular polarization. a) Rayleigh scattering regime where d << λ.
b) Mie scattering where d ≈ λ. c) Mie scattering where d > λ. In subfigures d)-f) the scattering
efficiency normalized with respect to the particle cross section is shown. d) Rayleigh regime.
e) Mie regime. f) Geometric optics regime.
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When the particle size becomes even larger and surpasses the wavelength by magnitudes,
the interactions can be described via ray optics as multiple events of reflection and
refraction. This is sometimes also called ’geometric optics’.174

The three regimes exhibit pronounced differences regarding the particle size depen-
dence of the scattering efficiency. Rayleigh scattering efficiency, for example, increases
monotonously with an increasing particle diameter (Figure 2.13d). This coincides with
the implications of equation 2.18. Mie scattering, on the other hand, shows discrete
maxima and minima of the scattering efficiency at specific diameters (Figure 2.13e). The
fine structure (ripple) is caused by additional, more complex resonances.175 As the size
increases further, the primary oscillations become smaller, and the scattering efficiency
converges. In this regime of geometric optics, the scattering efficiency remains constant
(Figure 2.13f).

The analytical approach of the Mie theory, applied for the simulations of the profiles in
Figure 2.13, is only valid for spherical particles. More complex systems require numerical
solutions but can provide more elaborate control of the scattering properties.

Efficient scattering in particulate thin-films

The previous theoretical concepts were on a single-particle level and assumed an isotropic
geometry. However, in real systems, both the single-particle properties (refractive index,
size, and shape) as well as the characteristics of the ensemble (alignment, filling fraction,
and distribution) play an important role. This provides many further possibilities for
influencing the optical properties of materials. An important example is the fabrication
of thin films exhibiting a pronounced white appearance due to multiple scattering
events.176 In many applications, ranging from paint to coatings in photovoltaics,177
particles with a high refractive index are applied. These mainly comprise titania colloids
that are efficient scatterers but entail both environmentally problematic fabrication and
health hazards.178,179 Using naturally occurring low refractive index materials requires a
different approach: precise engineering of the particle morphology and superstructure.

Inspiration can be found in nature, most famously in the scales of the white beetle
(Cyphochilus) that are strikingly white, while only about 5µm thick.180,181 The scales
consist of a heterogeneous network of air and chitin, a biopolymer with a low refrac-
tive index of 1.56.181 The efficient scattering is attributed to an anisotropic structure,
dimensions in the range of visible wavelengths, and an optimized filling fraction of
about 45 %.182 Thereby, efficient scattering and a high reflectance are possible even with
a thin film, minimizing the weight the insect must carry but providing good heat man-
agement even under direct sunlight.183 Many biomimetic structures have been presented

26 Chapter 2 Theoretical Background



that make use of these insights. These often apply biologically derived cellulose in all its
variations, ranging from cellulose nanocrystals184 to delignified wood.185 It was shown
that a porous structure, with scattering centers mainly in the sub-micron range186 and
anisotropic particles oriented perpendicular to the light beam,187 show the best scattering
properties. The effect of anisotropy was examined more directly by comparing spherical
and rod-shaped silica particles.188 The results corroborated numerical predictions,189
showing more efficient scattering by the anisotropic rods. Furthermore, these could be
assembled as supraparticles that showed potential for use as white pigments and might
replace titania particles in paint.

Similar to how the Cyphochilus beetle evolved to have good thermal management,
artificial thin films can provide a solution to excessive energy use caused by space
cooling in urban areas. Strong scattering of visible light can result in pronounced back
reflection of sunlight, which minimizes absorption of photons and unwanted heating.
In combination with a high emissivity in the infrared range, the temperature of an
object can be lowered via passive radiative cooling. This is especially efficient if the
emissivity is high between 8-15µm where the atmosphere is transparent. The object
that is to be cooled can thereby release energy into outer space.190 Such coatings have
even been developed with an environmentally benign cellulose derivative, which could
make large-scale coatings on houses more applicable.191 Large cities in particular could
profit from this approach.

The scattering properties of such heterogeneous materials are characterized mainly by
two parameters: 1) The transport mean free path, which is the length beyond which light
propagation is randomized, and is the key characteristic of diffusive transport.188,192 It
can be measured by diffuse transmittance measurements of several samples thick enough
to exclude ballistic light transport.184 2) Optical haze, the fraction of transmitted light
that changes direction upon passing through the sample, and is an important property
for diffusers in optoelectronic devices.193,194 Both properties can be tailored with an
optimized polydispersity. Cellulose nanofibrils exhibiting an asymmetric distribution
of diameters were assembled via filtration.195 The lack of uniformity in the sample
provided anomalous diffusion, which could further improve the scattering properties. In
a related approach, binary mixtures of large and small spherical polymer particles were
applied to adjust the optical haze of monolayers.196 This is influenced by the degree of
short-range and long-range order that results from the self-assembly process, as well
as Mie-scattering of the individual components.197 The complimentary system to this
bidisperse case would be monodisperse particles assembled in an amorphous structure
without long-range periodicity. As this class of materials also has unique and interesting
optical properties, it will be discussed in the next section.
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Photonic glasses

The optical appearance of the previously discussed, disordered systems was mainly white
(due to multiple scattering) or blueish (caused by Rayleigh scattering and the λ−4 depen-
dence). Other colors in the visible range were only shown for periodic photonic crystals.
However, structural coloration is possible even in disordered systems if some uniformity
is ensured.198 If a structure is made up of monodisperse spheres and crystallization is
successfully avoided by one of the approaches shown at the end of section 2.1, the system
can exhibit a discrete color other than blue. As a counterpart to photonic crystals, these
materials were defined by García et al. as ’photonic glasses’ (PGs).92,199

While the optical properties of periodic systems are subject to ballistic light transport
(Figure 2.14a), propagation through photonic glasses proceeds in a randomized manner.
The process can therefore be described as dispersive light diffusion.200,201 The structural
coloration (Figure 2.14b) is attributed to several different effects. Particles in the size
range of the incident wavelength exhibit Mie-resonances, i.e., maxima of the scattering
cross section, at specific ratios of size and wavelength.176 These were already observed
in the single particle calculations in Figure 2.13b. When the separate spheres are
brought into contact, near-field effects influence these Mie-modes.202,203 Evanescent
wave-coupling leads to a depletion of the density of states which prohibits certain
frequencies in the structure.204 Furthermore, even though no long-range periodicity is
present, a certain short-range order persists. This entails a characteristic separation
length of the individual scatterers. Scattered waves can, therefore, experience phase
correlation. Constructive interference of specific wavelengths and structural coloration
is the result of this coherent scattering process.200

c)a) b)

Figure 2.14.: Interaction of visible light with photonic crystals and glasses as shown in Ref [200].
a) Specular reflection of a specific wavelength from a photonic crystal. b) Coherent scattering in
a photonic glass, masked by diffuse scattering of all wavelengths. c) Saturation improvement in
a photonic glass via the addition of a broadband absorber.
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The structural colors of PGs are often masked by random scattering. Especially pro-
nounced in thick films,205 this causes an overall white appearance. To counteract this,
a broadband absorber can be added to the assembly. At the correct amount, this in-
creases the ratio of the reflection of the peak and the baseline, thereby enhancing the
contrast.200 This can be observed, for example, in the structural colors of some birds,
where melanin is incorporated into the structural motifs and acts as the broadband
absorber.206,207 In contrast, albino specimens that do not produce melanin do not show
any perceivable colors, even though their feathers exhibit the same nanostructure.200
In synthetic PGs, the contrast can be improved in several ways. For example, physical
vapor deposition of carbon on the surface of an already assembled colloidal glass can
increase the saturation post-fabrication.208 This effect can also be achieved by modifying
particles with a layer of polydopamine, thereby directly mimicking the natural melanin
equivalent,209 or by co-deposition of microparticles with smaller, absorbing particles.210
Another way to improve the color purity is by changing the particle morphology. Hollow
sphere structures have been shown to influence Mie-scattering and provide pronounced
structural coloration.36

An obvious application of these photonic glasses is the coloration of surfaces. In this, they
possess significant advantages. In contrast to photonic crystals, the structural colors are
non-iridescent. In most applications, this angle independence of the color is preferred.211
Furthermore, colloidal glasses can be fabricated on a large scale and are less prone
to defects, in contrast to their crystalline counterpart.212 If assembled in confinement,
PGs can even be fabricated as supraparticles and thereby directly applied as photonic
pigments.101 Compared to classic, absorption-based pigments, PGs have the advantage
that the color does not fade over time, and the materials themselves are non-toxic and
environmentally benign dielectrics such as polystyrene or silica. Due to the lack of
absorption, PGs can also be applied in photovoltaic coatings, making solar cells colorful
and, thereby, more visually appealing to improve the acceptance of their installation.108
Beside the coloration approach, these structures can also provide broadband reflectance,
enabling their use as spectral filters,213 reflective coatings (e.g., for radiative cooling)214
or thermal barrier coatings.212 The latter requires reflectivity in the mid-IR range. In
contrast to light absorption by pigments, photonic properties can easily be tuned by
changing the characteristic length scale. In the case of colloidal glasses, this simply
means applying micrometer-sized rather than sub-micron particles.

Photonic systems, in general, have another large area of applications. Due to their often
responsive optical properties, PCs and PGs can be used as suitable sensing materials.
The state of the art of this research field will be discussed in the next section.
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2.4 Responsive Photonic Materials as Sensors

Up to this point, the photonic properties of ordered and disordered media have been
considered constant. Besides the blue shift of the stop band position caused by a change
of the angle between the light source, sample, and observer, no dynamic variation
of the color has been discussed. Photonic materials, PCs, in particular, do, however,
provide some distinct responsive properties. Due to their visible structural colors and the
possibility for these to change bymeans of an external trigger, numerous types of photonic
sensors have been developed.215 Materials such as 1D-PCs,216 microphase separated
block copolymers,217 CCs,218 inverse opals, and hydrogel immobilized CCs219 belong to
the most important examples. These can rely on various mechanisms, mainly affecting
one of the parameters in equation 2.17. A simple example is a periodic multilayer
structure with one component capable of swelling in a specific medium. When the
corresponding solvent is present, this can dramatically change the stacking constant and,
thereby, the color. Further possibilities are infiltration of CCs and change of the effective
refractive index, mechanical change of the periodicity, defect-induced loss of order, and
dry-sintering of particles (Figure 2.15).220 This can be made use of in the form of sensors
that respond to either chemical or physical triggers. Further complexity and, therefore,
functionality can then be provided in the form of a readout with advanced computational
techniques and by preparing arrays of photonic sensors that allow combinatorial data
analysis.

Swelling

Sintering

Infiltration

Stretching

d)c)

a) b)

Figure 2.15.: Mechanisms underlying the responsive properties and change in coloration of
photonic crystals when affected by an external trigger.

Sensing of chemical triggers

One of the most basic yet also equally important environmental parameters that must be
tracked in various applications is relative humidity (RH). Photonic sensors that provide
autonomous sensing of this parameter mostly rely on water condensation on the inner
interfaces of an open porous network. This changes the effective refractive index and
causes a perceivable and measurable red shift of the structural color. Refractive index
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matching of the solid structure and water in the interstitial gaps would also reduce
the saturation and, thereby, the visibility of colors. Therefore, a high refractive index
material such as titania is often applied. When prepared as a porous PC, this was shown
to provide a sensitive response to a change in the RH.221 Naturally, this is affected by a
slight hysteresis which is apparent when comparing rising and sinking RH. Disordered
colloidal glasses have also been shown to provide similar sensing capability, with a swift
response due to the nanoporous nature.222 A similar approach can allow sensing of
organic solvents that induce swelling223 or penetrate a porous structure. The latter
was also improved by dynamic analysis of the infiltration process, which increased the
available information.224

Another basic necessity in aqueous systems is colorimetric sensing of the pH value. This
can be achieved in photonic multilayers by protonation of, e.g., pyridine groups, which
induces conformational changes in polymer chains and influences the periodicity.225
A similar effect can be observed in photonic hydrogels that reversibly swell when the
pH value increases.226 Inorganic ions can be sensed in a similar manner. Both cations227
and anions228 have been tracked this way. Finally, biological functionalization has been
used to allow the detection of more complex analytes, such as specific microbes.229

Sensing of physical triggers

A very intuitive type of physical sensing is the response to mechanical deformation.
Just as chameleons actively change color by varying the spacing of photonic crystals in
their skin,230 this response can be utilized for mechanochromic sensing. This means
that photonic sensors can change color either upon compression231 or stretching.232 A
different type of force, in the form of a response to a magnetic field, can also change the
color of periodic assemblies of, e.g., iron oxide particles.233

The most important type of sensing application for this thesis is the recording of thermal
events. Polymeric PCs are an ideal system for this case, as the thermal properties of
polymers (e.g., glass transition temperature) can chemically be tuned over a broad
temperature range. Autonomous temperature tracking is essential for transporting
medical products to remote areas and detecting food spoilage. Several different types of
sensors exist and will be defined here. In the most strict sense, a temperature sensor
is a material that changes its color fully reversibly. For a given photonic system, this
means that a change in the periodicity only persists while the temperature remains
elevated. Afterward, it returns to its original state. While this is advantageous in direct
temperature monitoring, other applications require irreversible recording of the thermal
history. Two types exist: 1) Indicators that spontaneously switch states when a specific
temperature is reached. 2) Integrators that gradually change their periodicity and color.
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The latter provides information regarding both temperature as well as the duration of
the heating event, which is an important pair of parameters (Figure 2.16).234 A polymer
often used in thermoresponsive systems is poly(N-isopropyl acrylamide), which, when
heated in water above a critical temperature, collapses. In 1D-PCs, this changes the
periodicity and results in a blue-shift,235, and in doped CCs, it causes defects and loss
of structural color.236 Both are fully reversible. There also exist intermediate examples,
where up to a specific temperature, a reversible process occurs (e.g., water evaporation);
beyond this, the structure irreversibly changes.237
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Figure 2.16.: The three different response types in photonic thermal tracking devices as shown
in Ref [234]. The plots schematically show the sensor’s response during the indicated low (blue)
and high (red) temperature events.

More often, pure time-temperature integrators are prepared. Good examples are changes
in the photonic properties of liquid crystals,238, and the deformation of polymeric inverse
opals. An example presented by Lee et al.239 was an important inspiration for some
projects in this thesis. In-situ UV-Vis spectroscopy of inverse opals with different glass
transition temperatures provided time-dependent characterization of the irreversible
blue shift of the stop band. A semi-analytical approach was applied that took into
account the creep deformation kinetics in polymers and temperature time equivalence
as per the Williams-Landel-Ferry theory.240 The method thereby allowed independent
determination of time and temperature.

Advanced data acquisition and handling

A rapid increase in computational power has brought new and advanced ways of manag-
ing and interpreting data. Machine learning, in particular, can derive information from,
e.g., images without necessarily requiring guidance or further information regarding the
underlying system. In this manner, machine learning can enable the readout of sensors,
independent of whether a physical model exists to describe the process.241 This allows
using non-conventional characterization methods, most prominently digital cameras. For
example, a smartphone camera has been used to measure the switchable luminescence
in metal-organic frameworks. Sensing both water content and the temperature was,
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thereby, possible.242 A similar approach using lanthanide complexes as sensors for physi-
ological temperatures has also been shown.243,244 Deep learning algorithms have been
applied for analyzing excitation spectra of carbon dots in different environments, which
made a prediction of the ethanol content possible.245 The same material was also used
for biomolecular sensing. A machine learning model could correlate different absorbed
proteins to the sensors’ fluorescent response.246 Temperature monitoring via such a
model has also been realized.247 For example, the luminescence signal of quantum dots
provided temperature sensing in microfluidic channels with a high thermal resolution.248
Such thermometry methods could be further improved with specific arrangements of
the sensing materials, i.e., in the form of QR-codes.249

Patterning of photonic colloidal crystals and inverse opals is a long-standing research
field. Specifically, local tuning of the wettability by surface functionalization (e.g., with
hydrophobic silanes) can lead to selective infiltration, which depends on the pore geome-
try and contact angle.250 This can be made use of in sensor arrays or anti-counterfeiting
applications.251 For example, a 4× 4 array of mesoporous supraparticles, with different
local wetting properties, has been used to realize an ’optical nose’.252 Combinatorial
evaluation of a set of colors was shown to be distinct for several different organic solvent
vapors. In a similar geometry, a combination of photonic properties and concomitant
fluorescence enhancement enabled high-performance sensing of metal ions.253

A less random and often more effective way of providing spatial selectivity in sensors
is in the form of a gradient. For example, biomimetic polarity gradients in photonic
sensors have been used for multivariable vapor sensing.254 Additionally, a sensor based
on a macroscopic stepwise gradient of the infiltration properties allowed facile readout
in an ethanol sensor.255 In general, gradients in functional (photonic) materials are an
emerging topic. These can provide a range of properties that include but are not limited
to sensing applications. The next section will, therefore, provide a state of the art of
research on such materials.
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2.5 Gradients in Functional Materials

Besides the use in sensors with a local readout, gradients of physical properties along
a specific axis are an important aspect of materials science and biological systems.
For example, marine mussels attach to rocks with byssi that exhibit a gradient of the
elastic modulus. This significantly enhances the strength of attachment and has inspired
researchers to implement such gradients in synthetic materials.256

Structural and chemical gradients

Gradients of the mechanical properties can also be relevant in medical aspects, such as
interfaces between tendons and bones. Here, CC-templates have been used to prepare
polymeric inverse opals with a gradually increasing inorganic filler content, realized via
sedimentation (Figure 2.17a).257 Gradients of the pore size, on the other hand, have been
prepared in self-assembled materials with subsequent carbonization (Figure 2.17b).258
Such structures were shown to be efficient anodes in electrochemical setups, as the
gradient optimizes gas transport through the substrate.259
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Figure 2.17.: a) Mechanical gradient in an inverse opal. b) Pore size gradient.

An approach that provided significant inspiration to two projects in this thesis was shown
for the fabrication of polarity gradients on solid surfaces.260 Here, a dual syringe pump
method (Infusion-withdrawal coating) generated gradient interfaces either by adjusting
sol-gel chemistry,261 or surface functionalization.262 This can, for example, result in
self-propelling water droplets along the gradient.263

Optical properties of gradients

Several examples of photonic crystals with a lateral gradient of optical properties exist.
For example, vertical deposition was shown to create thickness gradients when the
concentration of the coating suspension gradually increased during the assembly.264
Similarly, the periodicity and the thickness of 1D-PCs could be tuned by preparing films
with repetitive vertical deposition by applying a continuous acceleration of the coating
speed.265 A different way of preparing such lateral gradients of the structural color is by
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taking advantage of a substrate with gradient elasticity. This resulted in responsive PCs
that exhibited gradient colors upon stretching.266 In another approach, gradient metallic
wrinkles with optical interference were prepared via stretching and relaxation.267

Interesting optical effects can be obtained when examining vertical rather than lateral
gradients. Gradients of the porosity, normal to the surface of thin films, can affect
the reflectivity. This can be tuned in both extremes, one being anti-reflective coatings
prepared via a gradual change of the effective refractive index.268 Gradient photonic
crystals, specifically step-gradients comprising multiple heterostructures, have also been
used to increase the reflectivity as high as possible over a broad spectral range. This
has been accomplished by preparing stacked colloidal crystals with three269 and five270
different particle sizes on top of each other (Figure 2.18). The combination of several
stop bands resulted in an effective broadening of the reflected wavelength range, similar
to effects observed for multiple excitation peaks in multilayer quantum dot films.271
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Figure 2.18.: a) Multilayer structure of several photonic colloidal crystals. b) Schematic of the
overall reflectance (black) resulting from the combination of multiple photonic stop bands.

Interestingly, simulations have predicted that the reflectivity of colloidal films is highest
when a continuous size gradient exists perpendicular to the surface.272 While this is
considered advantageous for solar reflection in passive cooling applications, a fully
continuous and controlled gradient has not yet been developed in this size range. More
complex gradients in structures such as the woodpile lattice have been presented, but
these were on a millimeter scale and exhibited band gaps in the microwave range.273

Other, more peculiar, optical properties in gradient materials will also be discussed.
Angular selectivity has, for example, been achieved by taking advantage of the angle-
dependent band structure in 1D-PCs. By engineering a gradient of the stacking periodicity,
radiation in a broad spectral range was selectively reflected at a specific angle.274 Alter-
natively, 3D-graded PCs have been predicted to provide tailored guiding of light, e.g.,
for wavelength demultiplexing.275 Integration of such graded materials into devices
has been achieved in the form of chirped photonic crystal fibers. These were prepared
by fiber drawing from pre-assembled glass tubes.276 Gradient index optics have been
applied in lenses that can concentrate sunlight from all angles onto photovoltaic devices.
This eliminates the need for tracking the position of the sun.277
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Combinatorial materials science

Besides providing novel structural and optical properties, multicomponent gradients
can be of interest in screening applications. Materials scientists in various fields have
increased the complexity of their respective systems by incorporating many different
elements and compounds into, e.g., alloys and composites. While this can allow precise
tailoring of the materials’ properties, it significantly increases the effort of the screening
process. Since computational power and automated characterization techniques have
evolved tremendously in the past decades, the bottleneck here is sample preparation.
Composition gradients, comprising all possible combinations of a binary system, can
expedite this process. Provided local measurements are possible, entire libraries can be
obtained from a few samples when measuring along the gradient. This has been done
extensively for systems that can be prepared via physical deposition techniques.278 Few
examples exist in the field of colloidal assembly, with the most relevant being lateral
gradients in plasmonic arrays.279 This can give insight into the size and shape-dependent
sensing efficiency of gold nanoparticles without the need for a time-consuming iterative
process.280

Fabrication of colloidal gradients

The most important aspect of this thesis, and the common theme of all projects, is the
fabrication of gradients in photonic colloidal assemblies. This topic has continuously
increased in significance over the past decade. Nevertheless, only a few different types of
fabrication methods have been presented so far. Some top-down techniques for particle
or pore size gradients exist, such as electrochemical etching of silicon281 or plasma
etching of polymer colloidal crystals.282 These are, however, difficult to control, and the
fabrication of tailored gradient profiles (linear, convex, concave) is not possible in this
manner. A bottom-up approach to a particle size gradient was shown to be mediated
by microfluidic particle synthesis.283 However, this resulted in particles in the range of
several tens of microns and was not targeted to noticeably interact with visible light.

A method for preparing composition gradients from nano- and microparticle suspensions
is ultracentrifugation. This can either result in a concentration gradient of one particle
type in a gel,284 or a composition gradient in a binary system.285 Bidisperse suspensions
show segregation also upon drying,286 but control over the spatial distribution of the two
particle types is only possible via adjustment of the gravitational field. Strong separation
conditions resulted in a bilayer structure with large close-packed particles at the bottom
and smaller particles on top. On the other hand, weak separation can result in a mixed,
disordered state with a continuously increasing amount of large particles towards the
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bottom of the sample (Figure 2.19a).287 Due to the three-dimensional geometry of
the centrifuged pellets, these were not explicitly characterized regarding the optical
properties. It was, however, shown that functionally graded carbon monoliths could be
prepared,288 and that these could be adjusted even further with chemical gradients.289

Diffusion

Compression

a) b) c)

Figure 2.19.: Fabrication methods for colloidal gradients. a) (Ultra-)centrifugation of a
bidisperse suspension. b) Concentration gradient induced by diffusion. c) Compression of a
hydrogel immobilized colloidal crystal with spatial force variation.

Besides size and composition gradients, the possibility of a gradual change in the
interparticle distance exists. This, naturally, requires particles that are not close-packed
and in an aqueous suspension or immobilized in a hydrogel. Diffusion of colloids in a
concentration gradient was shown to provide such a material.290 Due to the repulsive
electrostatic interactions between particles, crystalline arrays are formed spontaneously
with a lattice constant that is dependent on the particle concentration. Diffusion results
in a concentration gradient, which can be observed as a gradual change of the structural
color (Figure 2.19b).291 Another possible approach is the deformation of pre-assembled
colloidal crystals.292 This can be achieved by exposing superparamagnetic particles to a
non-homogeneous magnetic field. The periodicity of the photonic crystal depends on
the magnetic field strength, which results in a positional dependence of the reflected
wavelength. Lastly, such a graded PC can be prepared by an applied compression
gradient (Figure 2.19c). Particles that were previously non-close packed with a maximum
separation were brought closer together.293 Structural colors covering the entire visible
spectrum were obtained, which enabled the use as a diffraction grating in a miniaturized
spectrometer.294

From these examples, it becomes apparent that two types of colloidal gradients are
missing: 1) composition gradients in binary colloidal assemblies in a thin-film geometry
that allows optical characterization, such as transmission UV-Vis spectroscopy. 2) A
continuous gradient of the particle size, prepared via bottom-up assembly with control
regarding the gradient profile. The realization of these two types of colloidal assemblies
and the characterization of the respective optical properties are at the heart of the
projects presented in this thesis.
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Materials & Methods 3
3.1 Synthesis and Assembly Techniques

This section presents the conventional fabrication methods used in this work, as well
as the novel variations that I developed. Particle synthesis procedures, post-synthesis
staining, and various self-assembly techniques will be discussed.

Particle synthesis and modification

All projects in this thesis included the self-assembly of polymer microparticles, specifically:
poly(methyl methacrylate) and random copolymers of n-butyl acrylate and methyl
methacrylate. The latter was applied when the glass transition temperature needed to be
adjusted. Surfactant-free emulsion polymerization (SFEP) of the copolymer is conducted
analogously to the homopolymer particles. A representative synthesis of monodisperse
particles proceeds with 10-20 mL monomer and 240 mL water (MilliQ quality), stirred in
a three-necked flask and heated to 80 ◦C under a stream of nitrogen. After equilibration
for 60 min, 10 mg of sodium styrene sulfonate (ionic comonomer) is dissolved in 5 mL

water and added to the mixture. After 5 min, 100 mg potassium persulfate (initiator),
also dissolved in 5 mL water, is quickly added as well. The reaction is left to run overnight,
terminated with ambient oxygen, and filtered to remove the coagulated polymer. The
final particle size can easily be varied by changing the monomer volume.

I developed a variation to SFEP (Figure 3.1a), which provides a continuous size gradient
of monodisperse particles: controlled extraction emulsion procedure (CrEEP). Seed
particles are prepared analogously to standard SFEP and left to react for 30 min. After
the seed synthesis, a second part of the procedure begins. A silicon tube with a length
of 2 m and an inner diameter of 2 mm is inserted into the flask and dipped into the
reaction mixture. The tube is attached to a syringe, and both had previously been filled
with water. The pump slowly pulls a volume of 5 mL suspension into the tube over the
course of 60 min. A second syringe, filled with air and attached to a perfusor tube, is set
into another syringe pump. A cannula with a bent tip is attached to the perfusor and
inserted into the opening of the silicone tube. Periodic pumping of 16µL air, every 30 s

induces evenly spaced air bubbles as separators into the tube. Simultaneously to the
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extraction, a third syringe slowly adds further monomer to the reaction vessel. Due to
excess initiator in the solution, the reaction proceeds further, and particles slowly grow
under monomer starved conditions during the 60 min the reaction is left to proceed.
Finally, more than 100 evenly spaced fractions are stored in the tube. While every
fraction itself is monodisperse, the particle size gradually increases along the length of
the tube. Assembly of these particles via filtration is shown later.
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Particles
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Latex
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Figure 3.1.: a) Continuous extraction emulsion process for size gradients of monodisperse
polymer particles. b) Post-synthesis fluorescent staining of polymer particles. Reproduced from
[295] under terms of the Creative Commons license.

For some experiments, it was necessary to include fluorescent tracer particles. Ideally,
these should have the same diameter as the other particles so that the periodic structure
can be formed without unnecessary defects. An ideal way of achieving this is by taking
aliquots of the pristine particles and staining them (Figure 3.1b). I did this by dissolving
hydrophobic fluorescent dyes in chloroform and adding the solution to a heavily stirred,
aqueous particle suspension. The resulting emulsion is stirred with a closed lid for 24 h,
during which the solvent and the dye diffuse into the apolar polymer, swelling the
particles. Then, the suspensions are left to stir with an open lid for 72 h. During this time,
the volatile solvent evaporates, leaving the dye dissolved in the polymer. The particles
show fluorescence when illuminated with UV light but otherwise remain unchanged.
Self-assembly into colloidal crystals proceeds just as it does for the pristine particles.
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Self-assembly into colloidal crystals and glasses

After synthesizing monodisperse particles, the next step is their self-assembly into pho-
tonic colloidal ensembles. In my projects, vertical deposition was one of the most
important fabrication techniques for colloidal crystals. For standard (i.e., non-gradient)
samples, this could be achieved by simply dipping a plasma-cleaned glass substrate
into a 1 wt% particle suspension and slowly pulling it out. This was done in a climate
chamber at 20 ◦C and 75 % relative humidity, with vibration isolation, and an extraction
speed of 0.25µm s−1. This results in a colloidal crystal with a thickness of a few microns
forming on both sides of the substrate.

I developed a variation of this approach, which provides a route to gradient colloidal
assemblies (Figure 3.2a). Two particle suspensions are applied, and the resulting sample
exhibits a lateral gradient of the composition of the two particle types. Gradient fab-
rication via infusion-withdrawal coating (IWC) was done analogously to dip-coating,
except for the addition of two syringe pumps. The substrate is dipped into a suspension
of one particle type (1.0 wt%), and two cannulas attached to syringes are inserted. One
syringe pump extracts the suspension at 0.60 mLh−1, the other infuses a suspension of a
second particle type with 0.79 wt% at 0.76 mLh−1. The difference between the infusion
and withdrawal speed is adjusted to account for the evaporation of water. Thereby, both
the water level, as well as the particle concentration remain constant as the substrate is
pulled upwards. Another possible way to conduct IWC is without actively pulling the
substrate out of the suspension. If the extraction proceeds faster than the infusion, the
water level is slowly and gradually lowered. If the ratio of the two pumping rates is
exactly two, this results in a linear gradient.
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Figure 3.2.: a) Infusion-withdrawal coating setup for gradient colloidal assemblies. b) Semi-
continuous filtration setup, utilizing the gradual size distribution obtained during CrEEP and
fabricating a gradient colloidal glass. Reproduced from [296] under terms of the Creative Commons
license.
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A faster assembly method that was used both for rapid characterization of the particle
quality, as well as for array printing of sensors is drop-casting. This is advantageous
since it provides CCs in a matter of seconds, and the structural coloration (or lack
thereof) directly indicates whether the suspension is monodisperse and which size the
particles have. If done at room temperature, a pronounced coffee stain effect significantly
impairs the optical appearance, rendering the structural colors almost invisible. I found
that heating the substrate to 70-80 ◦C changes the dynamics of the assembly process,
providing homogeneous colloidal crystals.

Finally, an assembly method using the gradient size distribution provided by the CrEEP
had to be developed. I achieved this by employing a semi-continuous filtration setup
(Figure 3.2b). The tube, filled with the fractions and connected to the same syringe,
is inserted into an intermediate mixing container. The fractions are slowly pushed out
of the tube at 0.4 mLh−1. Simultaneously, water drips into the same container at a
much greater rate of 60 mLh−1 to dilute the fractions. Due to a siphon-type mechanism,
the container is periodically emptied into a vacuum filtration setup equipped with a
hydrophilized polytetrafluoroethylene filter with a pore size of 200 nm. The timing is
adjusted so that only one fraction is diluted at once, and the filtration assembly proceeds
autonomously overnight. Between each emptying of the mixing container, the water
passes through the filter completely, but the filter cake does not dry, leaving an aqueous
paste. In the end, a colloidal glass with a thickness of approximately 100µm is obtained,
with a continuous particle size gradient from top to bottom.
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3.2 Optical Characterization

The colloidal assemblies I prepared in my projects required specific optical characteriza-
tion techniques. Analyzing gradients naturally necessitates local measurements that can
be conducted while scanning across the sample. The two most important techniques
will be discussed here.

Laser Scanning Confocal Microscopy

The most relevant imaging method in most projects presented in this thesis was laser
scanning confocal microscopy (LSCM).297 The problem with conventional optical mi-
croscopy is that samples that are not flat, but exhibit an irregular topography or are
tilted, cannot easily be measured. Parts of the surface will not be in the focus plane
and, therefore, appear blurry. With LSCM, the use of two separate optical paths solves
this problem (Figure 3.3a,b). The first path, color optics, is comparable to conventional
microscopy. A white LED acts as a light source, and the beam is focused onto the sample
with an objective. The reflected light is captured with the same objective and redirected
to a CMOS image sensor which acquires the colored image.
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Figure 3.3.: a) Photograph of the microscope (Olympus LEXT OLS4000). b) Optical paths
involved in the laser scanning microscopy setup. c) Function of the pinhole that reduces the
depth of field in confocal microscopy.

Additionally, topographic information is obtained via a second optical path. The light
source is a laser emitting light at 405 nm. This significantly improves the lateral resolution
compared to light of longer wavelengths. A micro-electromechanical system scans the
laser point across the sample, providing local information. Before a photomultiplier
detects the reflected light, it passes through a pinhole (Figure 3.3c). This confocal
technique eliminates blur and provides precise height information by ensuring a shallow
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depth of field. In this specific setup, two detectors with pinholes of different diameters
are built in, and the optical channel can dynamically be switched, depending on the lens
type and acquisition method.

A standard workflow to characterize a sample with non-negligible topography is shown in
Figure 3.4. Multiple images are obtained by shifting the focus plane (Figure 3.4a). Lateral
scans with the laser optics are conducted, which results in a greyscale intensity image at
each z-position. For a single pixel, the system estimates a light-intensity variation curve
(Figure 3.4b). When this is done for all pixels, the combination of all peak positions
corresponds to the height image (Figure 3.4c). Optical microscopy scans through the
z-axis proceed at the same focal positions. Therefore, each pixel can be assigned the
color of the image where this position is in focus. A color image is provided that is not
impaired by individual regions being out of focus (compare Figures 3.4d and 3.4e).
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Figure 3.4.: a) Intensity images obtained at various focal positions. b) Light-intensity variation
curve of the spot marked by the yellow circle. c) Height image. d) Standard optical image with
parts out of focus. e) Extended optical image with all parts in focus.

Further advantages of LSCM are that it is fast, non-invasive, and does not require special
sample preparation (especially compared to electron microscopy). Line scans and height
determination analogous to profilometry are possible without the inherent drawbacks
such as surface damaging or positioning difficulties. Mapping several images can further
provide measurements over an area of several cm2 with sub-micron height resolution.
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Microspectroscopy

Complementary to the imagingmethod, a quantitative spectroscopic characterization was
also necessary. Standard spectroscopic methods are, however, ordinarily not specialized
for local measurements. Most spot sizes in such experiments are on the scale of several
millimeters and would not allow a detailed characterization of gradients. I, therefore,
applied an inverted optical microscope (Olympus IX71), which can direct light through
a specific point on a sample and transport the transmitted light to a spectrometer
(Figure 3.5a). A halogen lamp provides broadband illumination, and the condenser
focuses the light onto the sample. The transmitted light is collected by the objective
and can then either be directed to a camera for imaging or to an adapter for fiber
optics via an adjustable mirror. The fiber optics cable transports light to the input port
of a spectrometer (Ocean Optics USB4000).298 In this device, light is focused onto a
diffraction grating, which splits it into its respective wavelengths. Then, light is directed
onto a detector comprising an array of pixels, each of which detects photons in a finite
wavelength range (approximately 1 nm resolution). The significant advantage provided
by this device is that all wavelengths are measured at once. Spectra can be obtained in a
matter of milliseconds, which allows in-situ experiments. This was important for two
types of measurements: 1) Time-dependent determination of the optical response while
samples were held at elevated temperatures with a heating stage exhibiting transmission
capability (Instec HCS622HV). 2) Position-dependent measurements conducted by
moving the sample normal to the light path with a motorized stage and simultaneously
measuring several thousand spectra along the length of it.

Halogen lamp

Condenser

Camera

Detector

Grating

Mercury
vapor
lamp

Filter cube

a) b) c)

Sample

Sample

Figure 3.5.: a) UV-Vis microspectroscopy setup with mechanical mirror switching between
camera and spectrometer. b) USB spectrometer coupled to the microscope via fiber optics.
c) Fluorescence microscopy setup with a filter cube.
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The microscope also provides fluorescence capability in reflection geometry with a
mercury gas lamp positioned at a second port (Figure 3.5c). The light passes through
several elements of a filter cube. An excitation filter lets a small wavelength band
pass (e.g., 530-560 nm), which is directed to the sample via a dichroic mirror and the
objective. The sample absorbs the photons and emits radiation of a longer wavelength.
This fluorescence light passes through the objective and then an emission filter, which
lets a different wavelength band pass (e.g., 570-640 nm). Fluorescence can also be used
for imaging methods such as particle tracking and spectroscopy with the same fiber
optics setup shown in Figure 3.5b.

a) b)

c)

Figure 3.6.: a) The microscope used for microspectroscopy in all projects. b) Microspectrometer
with the fiber optics cable highlighted in orange. c) Port and mechanical mirror switching
between camera and fiber optics.

As the overall theme of this thesis is the fabrication and characterization of photonic
materials, these two techniques are at the heart of all projects that will be discussed
in the next section. The qualitative imaging and quantitative spectroscopic methods
provided insights into the optical properties of novel gradient materials and allowed the
readout of sensors and fluorescent tracers.
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Thesis Overview 4
The four projects making up the contents of this thesis present three different opportu-
nities for gradient colloidal assemblies: autonomous sensing, efficient screening, and
novel optical properties. In the first project, ’Thermal Recorder I’, gradient colloidal
crystals are prepared from binary particle mixtures and applied as time-temperature
integrators. This is followed up in ’Thermal Recorder II’, where additional complexity
allows readout with a smartphone camera, which requires many samples for data-driven
analysis. The third project, ’Order to Disorder’, also plays into the complementary
nature of computational methods and materials science. A composition gradient and
local optical characterization allow efficient screening of bidisperse mixtures with only
a few samples. Finally, a novel synthesis method is developed in the last project, ’Size
Gradient’. The fabricated continuous gradient colloidal glass also has tailored optical
properties in the form of homogeneous broadband reflectance.

Figure 4.1.: Graphical Abstract.
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4.1 Synopsis

Colloidal crystals (CCs), assembled via vertical deposition, are usually obtained as films
with a thickness of a few microns. The lateral dimensions mainly lie between a few
millimeters to centimeters. In the first project of my thesis, I aimed to fabricate a CC
with a gradual change of a binary particle composition along one lateral axis (compare
’Thermal recorder I’ in Figure 4.1). Two particle types that exhibit different thermal
properties but are identical regarding size and surface chemistry were applied. This
allowed co-crystallization and ensured consistent periodicity throughout the entire
sample. In the first part, I examined the composition-dependent film formation kinetics
of binary CCs prepared via standard vertical deposition. Then, in the second part, I
established a modified assembly method that produces gradient CCs. These were applied
as low-tech solutions for autonomous time-temperature integrators with an extremely
simple readout.

The two particle types were producedwith a consistent hydrodynamic diameter of 250 nm

but, due to different comonomer ratios, distinct glass transition temperatures (Tg) of 49 ◦C

and 94 ◦C, respectively. Upon (co-)crystallization, CCs with bright structural colors were
formed and UV-Vis microspectra revealed a photonic stop band at 510 nm for all com-
positions. Exposing these polymer CCs to temperatures between the Tgs of the two
components resulted in dry sintering (film formation) and a loss of the refractive index
contrast as well as the periodicity (Figure 4.2a). Although a slight blue shift of the
stop band (approximately 10 nm) could be observed, the decrease of the peak intensity
offered a much more sensitive signal. Therefore, it was the key parameter throughout
this project (Figure 4.2b).

This spectroscopic characterization allowed a fast, in-situ analysis in the form of the
time-dependent decrease of the normalized stop band intensity. Several samples, with a
range of compositions, were prepared via vertical deposition coating of glass substrates
from (mixed) particle suspensions. In-situ measurements were conducted at various
temperatures between 50 and 90 ◦C, which showed that the film formation kinetics
were distinct for each composition. Interestingly, for the binary cases, this was not a
simple superposition of the profiles observed for the pure phases. This was attributed to
a complex, multi-step process where low-Tg particles form contact areas and coalesce
before slowly entering the voids in domains dominated by high-Tg particles. The viscous
flow would thereby cause further loss of the refractive index contrast. This formation of
small domains comprising only high- or low-Tg particles, respectively, is not caused by
segregation but simply a stochastic effect. Comparison of the pair distribution functions
of scanning electron microscopy (SEM) images (Figure 4.2c) as well as of 2D simulations
proved an entirely random arrangement of the two particle types.
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A 3D representation of all in-situ experiments performed at one temperature allows
visualization of the entire parameter space (Figure 4.2e). In 2D, this could either
be shown as the original, time-dependent degradation (Figure 4.2d) or transformed
into a composition-dependent plot (Figure 4.2f). The latter presents the intensity
profile at given points in time on a theoretical sample exhibiting a linear composition
gradient. Between 40-60 %, the change was most pronounced, which was attributed to
the inversion of the majority phase. Nevertheless, this was not a discrete jump, and the
transition remains gradual.
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Figure 4.2.: Characterization of the time-dependent degradation of structural coloration on
discrete (non-gradient) substrates at 60 ◦C. a) Microscopy images showing the transition from
blue to colorless. b) In-situ UV-Vis microscpectra obtained during the dry-sintering. c) Ex-situ
scanning electron microscopy image of a sample consisting of 50 % high-Tg particles. d)-f) Full
in-situ characterization of the normalized stop band intensity. Reproduced from [295] under terms
of the Creative Commons license.

The next step was developing a modified coating method to produce gradient CCs. This
was inspired by the infusion-withdrawal coating (IWC) approach established for wettabil-
ity gradients which involves a dual syringe pump setup (Figure 4.3a). A glass substrate
is suspended in a particle suspension. One syringe pump infuses a different suspension,
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while the second pump extracts the liquid at twice the rate of infusion. Thereby, the
composition in the cell is slowly changed while the water level is simultaneously lowered,
mimicking the process of vertical deposition coating. The time-dependent change in
composition is translated into a position dependence on the substrate along the coat-
ing direction. As a proof-of-principle of the coating method, CCs were prepared with
a gradual addition of fluorescent tracer particles. These commercial colloids, with a
diameter of 100 nm were added between 0-1 wt%. Theoretically, they are small enough
to occupy octahedral vacancies spanned by the larger particles and, therefore, do not
affect the crystalline order. Fluorescence- and UV-Vis microspectroscopy were performed
at several positions along the sample. Normalizing the fluorescence intensity with the
stop band maximum provided a thickness-independent calibration and allowed mapping
of the exact composition to each position. While this calibration method was sufficient
for this work, it has limited use on, e.g. non-crystalline samples. An adjusted version will,
therefore, also be shown in a later project. In general, the CCs showed a homogeneous
structural color in stitched microscopy images, a consistent stop band, and a linear
composition gradient along the coating direction.
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Figure 4.3.: Gradient colloidal crystals. a) Infusion-withdrawal coating setup showing the
beginning, middle, and end of the dual syringe pump process. b) Gradient colloidal crystals
acting as time-temperature integrators, exposed to two different temperatures and characterized
ex-situ via optical microscopy. c) Stopband intensity profiles of the samples in (b). The dotted
lines are predicted profiles from the in-situ measurements, such as those in Figure 4.2f, with a
10 % margin of error. Reproduced from [295] under terms of the Creative Commons license

The two presented concepts could then be brought together in the form of CCs with a
continuous composition gradient of high and low-Tg particles. These gradient samples
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were subjected to isothermal heating events and characterized ex-situ with optical mi-
croscopy and microspectroscopy. While the increased temperature persists, the degraded
(colorless) area spreads from the bottom to the top of the sample, following the gradient
from mainly low- to mainly high-Tg particles. Naturally, this proceeds faster for a higher
temperature, i.e., for 90 ◦C compared to 70 ◦C (Figure 4.3b). Several hundred microspec-
tra were obtained along the gradients to quantify this observation in the form of the
normalized stop band intensity (Figure 4.3c). Due to the calibration and the correlation
of position and composition, this could be compared to expected profiles obtained from
the in-situ measurements of non-gradient samples such as those in Figure 4.2f. The
overlap of the two data sets is very good and corroborates that this type of material
can be used for advanced temperature sensing techniques. An interesting aspect of this
application is the logarithmic time dependence of the degradation. This entails that time
steps between 1-10 min, as well as between 100-1000 min can be distinguished, using a
single sample. Good reproducibility of the gradient CCs’ response to isothermal events
could be shown. The precision was determined to be 5-10 ◦C and 1-2 steps between each
order of magnitude for the duration. However, it was not yet possible to independently
determine time and temperature; this topic will be addressed later.

The sensor shows a rather intuitive response, effectively mimicking the icon representing
the battery charge in smartphones. Therefore, the material might be applied in various
ways. Potential examples are safety evaluation during the storage of perishable food or
medicine, and battery management. For example, when the colorless region of a sensor
passes a certain threshold, this could mean that the monitored battery has either been
used for a long time at a moderate temperature or has experienced short exposure to
an excessive temperature. Both would require renewal and could be judged by non-
specialists without expensive devices for tracking and readout. I showed that such an
analysis could readily be quantified via simple image analysis. Green-channel separation
and grey scale evaluation of the samples in Figure 4.3b provided similar profiles compared
to the spectroscopic analysis. This led me to believe that this type of sensor could be read
out in more detail with a standard smartphone camera, coupled with a more complex
evaluation procedure. Therefore, I decided to approach a computer-savvy colleague of
mine and use this possibility in a follow-up project.

Changing the comonomer ratios of the polymer particles makes it easy to vary the film
formation temperature of the colloidal assembly. It is, naturally, also possible to use
mixtures of more than two particles, thereby further increasing the complexity of the
system. While the last project provided sensors with an intuitive optical readout, the
following approach yields more complex but comprehensive results. The sample geometry
here was not a continuous gradient but a pattern of spots with discrete compositions
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examined via photography. Combined with an artificial neural network, this allowed
independent determination of time and temperature.

Four different particle types were synthesized with MMA/nBA ratios of 85:15, 90:10,
95:5, and 100:0, respectively. All of these had a consistent hydrodynamic diameter
of 320±5 nm. Differential scanning calorimetry showed that Tgs were evenly spaced
between 85-125 ◦C (Figure 4.4a) and UV-Vis spectroscopy of self-assembled CCs provided
the position of the stop bands in a narrow range at 635±3 nm (Figure 4.4b). Co-
crystallization of all possible mixtures was, therefore, possible. A prerequisite for machine
learning-enabled analysis is a large amount of data. To comply with this, developing a
fast and reproducible sample preparation technique was necessary. This was realized in
the form of an array printing setup. A hydrophilic pin was first dipped into a (mixed)
particle suspension and subsequently brought into contact with a heated glass substrate
(Figure 4.4c). After washing, the process repeated with the following suspension at
a different position. This allowed facile automation with a 3D-motorized stage and
provided site-selectivity. Another advantage was that almost none of the suspension was
wasted, and a standard laboratory scale synthesis (250 mL) was sufficient to produce
several hundred samples.
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Figure 4.4.: a) DSC heating curves of the four polymer particles. b) UV-Vis reflectance spectra of
self-assembled colloidal crystals. c) Snapshots of the contact printing procedure. d) Quaternary
phase diagram showing all particle combinations applied in this project. e) Positions of the
mixtures on the substrates. f) Exemplary photographs taken while heating a sample at a set
temperature of 120 ◦C. Reproduced from [299] under terms of the Creative Commons license.

The substrate had to be heated during the assembly to ensure uniform coating. A pro-
nounced coffee stain effect was observed if the substrate was coated at room temperature
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and no discernible color was visible. Heating and the consequent milk-skin overlayer
ensured the homogeneous color of the CC spots and also, due to nearly instantaneous
evaporation and pinning at the edges, a consistent circular shape. Twenty different
particle combinations were applied, spanning the quaternary phase diagram shown in
Figure 4.4d. Two spots were fabricated with each mixture at defined positions on the
substrate to introduce some redundancy and increase the accuracy (Figure 4.4e). The
pristine spots (before heating and degradation) were all identical in shape and color.

When exposing these samples to elevated temperatures, some spots immediately lose
their color, and others do not change. Many also show various degrees of discoloration,
dependent on the dry-sintering duration. It should be pointed out that compositions
exist where one particle type experiences fast deformation and another does so as well,
but slower. This increases the system’s complexity far beyond that of the first project.
Characterization procedures for this process can be classified as one of two types: 1) In-
situ methods that can only measure one spot at a time; 2) Ex-situ methods that examine
the entire substrate but provide limited temporal resolution. In-situ measurements were
performed via UV-Vis spectroscopy, and similar composition-dependent kinetics of the
stop band degradation compared to the gradient samples could be observed. However,
acquiring data for all 40 spots at once was far from practical. Ex-situ microscopy also
failed to characterize the system fully and only allowed a qualitative examination of
the loss of structural color. We, therefore, decided to switch to a non-conventional
type of data acquisition: digital photography with a smartphone camera. This had two
distinct advantages. First, it allowed in-situ characterization but provided information
for all spots on the substrates at once. Consequently, it can be considered a holistic
solution for the readout of our sensors. Secondly, optimizing the sensor for an evaluation
with a commercial smartphone provides a user-friendly approach, as it does not rely on
specialized laboratory-type equipment such as a spectrometer. The final setup was a
black hot plate with a defined position for the substrate and a fixed mount for both a
lamp and the smartphone. This ensured constant lighting conditions (distance, angle,
and brightness). Figure 4.4f shows snapshots taken with the setup during isothermal
heating of a substrate.

The difficulty in fabricating a time-temperature integrator capable of independently
providing both parameters is realizing a system complex enough to over-determine the
parameter space but simple enough to allow reasonably facile evaluation. Measuring the
optical response of the mixed particle systems with a digital camera does not provide
data directly related to physical properties and processes. Machine learning is an ideal
candidate where such an analytical approach fails, as there is no need for refined
physical models. A prerequisite for machine learning is a large amount of data. Since we
developed a fast and reproducible coating method and could measure several hundred
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substrates with a high temporal resolution, this was readily available. The data was pre-
processed by acquiring the brightest red values on each spot (Figure 4.5a). Additionally,
this reduced the risk of overfitting by incorporating unwanted information, such as
specific defects. The time dependence of the red values exhibited a similar trend as the
stop band intensity, which led us to believe that the same (or more) information was
hidden in the data. Measurements proceeded between 100-140 ◦C with intervals of 5 ◦C

and photographs were obtained every 5 s over the course of 120 min. Ten samples were
measured at each temperature, eight for training and two for validation. My colleague
then set up an artificial neural network to decipher the matrices of red values. Two
networks, with ten hidden layers each, were trained and then were able to provide
a time and temperature pair for any given (unknown) photograph. Both time and
temperature prediction worked very well (Figure 4.5b,c), with most of the deviations
greater than 10 min being at the edges of the temperature range. As the particles’ Tg

can easily be adjusted, the temperature range is not fixed and can easily be tailored to
specific needs. Validation data existed over the full parameter space, and absolute errors
could be obtained for each time and temperature combination. Additionally, we showed
that if the sensor was subjected to a series of heating processes, it mainly reacted to the
highest temperature, reliably providing the duration of this event.

a) b) c)

Figure 4.5.: a) Pre-processing of the photographs obtained during isothermal heating. b) Vali-
dation results for the temperature evaluation. Shaded areas correspond to incorrect assignment
of the temperature. c) Validation results for the time evaluation. The closer points lie to the
diagonal, the smaller the error. Reproduced from [299] under terms of the Creative Commons
license

We expect this type of sensor could be optimized for commercial use and analyzed
with a smartphone with the evaluation model installed as an application. This would
pave the way to cheap and user-friendly multiparameter sensors. In general, the project
showed the relevance of advanced computational data analysis and the synergy between
artificial intelligence and materials science. Since training such a network requires vast
amounts of data and, therefore, measurements on a large number of physical samples,
efficient fabrication techniques are becoming more critical. While the time-temperature
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integrators were prepared via automated sample preparation, the following project will
introduce gradient colloidal assemblies as advanced screening platforms for the optical
properties of colloidal assemblies. The IWC setup, combined with local spectroscopic
measurements along the samples, has great potential in generating large data sets from
only a few samples, thereby significantly reducing the preparation effort.

Binary mixtures of particles with different sizes provide a simple way of varying the
superstructure by means of composition. Together with the single-particle scattering,
this determines the optical properties of the ensemble. Materials with defined haze
or transmittance can easily be prepared if the system is well characterized. In this
work, I prepared colloidal crystals and glasses from particle mixtures with different size-
ratios (RS) of 0.7, 0.8, and 0.9 as well as monodisperse suspensions (RS = 1.0). Samples
prepared via vertical deposition from bidisperse suspensions with RS = 0.9 showed co-
crystallization and a stop band position dependent on the composition. Mixtures with RS

of 0.8 and 0.7 resulted in disordered structures, and the light scattering efficiency varied
depending on the composition. However, the finite and few examined compositions did
not allow a satisfactory characterization of the entire composition range. Since it would
be a considerable effort to realize this with discrete samples, I addressed this problem
with gradient colloidal assemblies (Figure 4.6). A thin film with a gradual composition
change along one lateral axis could, theoretically, contain all possible compositions of a
binary system. I used IWC to fabricate these gradients for all size ratios. Local optical
characterization along these samples could provide large data sets from a few samples.

Composition0 % 100 %

?

Figure 4.6.: Schematic showing the objective of this project. Composition gradients from binary
colloidal mixtures are prepared, and local optical characterization provides information over the
entire composition range. Reproduced from [300] under terms of the Creative Commons license.

For this project, it was necessary to precisely correlate the position along the gradient
with the corresponding composition. Since parts of some samples were not crystalline
and did not exhibit a photonic stop band, the calibration developed in the first project
was not applicable. A similar but refined approach was established, where particles
were labeled via post-synthesis fluorescent staining. Aliquots of the polymer particle
suspensions were taken and stained with a blue or red fluorescent dye via a swelling-
deswelling mechanism. Defined concentrations of the blue tracers were added to one
suspension and red tracers to the other in the gradient fabrication. I was able to show that
the ratio of blue and red fluorescence signals, measured locally via microspectroscopy,
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could be used to accurately determine the respective composition (Figure 4.7). While
the separate signals of blue and red fluorescence showed strong fluctuations due to
thickness variations along the sample (Figure 4.7a-c), the ratio of the two provided a
smooth and thickness-independent calibration curve (Figure 4.7d). Since the tracer
particles were identical in shape and size to the pristine particles, the addition did
not influence the assembly process and the resulting superstructure. Furthermore, the
calibration technique is non-invasive and entirely orthogonal to UV-Vis microspectroscopy.
As fluorescence was measured in reflection and UV-Vis in transmission geometry, both can
be measured with the same microscope (see chapter 3 for details). This allowed mapping
the composition to the position and the corresponding transmittance spectrum.

a) b)

d)c)

Figure 4.7.: Fluorescence calibration of a gradient colloidal assembly. a),b) Integrals of the blue
and red fluorescence, respectively, along the gradient. c) Exemplary spectra showing how the blue
fluorescence signal increases while the red signal simultaneously decreases. d) Normalized ratio
of the red and blue integral, providing a thickness-independent determination of the composition
at each position along the gradient. Reproduced from [300] under terms of the Creative Commons
license.

The optical properties of the gradients were examined by acquiring several thousand
transmission UV-Vis microspectra while scanning along the gradient. For a better inter-
pretation, the mean transmittance (T) between 450-700 nm was calculated and plotted
with respect to the position. On homogeneous CCs, it became apparent that this was
dramatically superimposed by strong fluctuations with an amplitude of 25 % and a spatial
frequency of about 1

30 µm−1. Closer examination showed that this was caused by light
scattering at cracks in the films, which originated in the drying process. Furthermore, the
magnitude of this effect depended on the degree of crystallinity. This presented a prob-
lem, as the influence of the particle composition on the mean transmittance was overlaid
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by the wavelength-independent scattering at the domain boundaries. I approached this
problem by applying a Savitzky-Golay algorithm, which filtered the data to exclude
all oscillations exhibiting a high spatial frequency. As a result, the remaining spectra
(several hundred along each sample) were much easier to compare due to a consistent
baseline throughout each data set. A streamlined analysis of microspectra measured
along the gradients was thereby made possible.

I started with analyzing binary mixtures with RS = 0.9. Gradients, transitioning from
mainly small to mainly large particles, showed a gradual red shift of the stop band.
Co-crystallization, therefore, occurred over the entire composition range. Due to the
fluorescent tracer particles, it was possible to relate the stop band position to the respec-
tive particle composition. This system was shown to provide thin films with structural
coloration anywhere between 560-600 nm simply by choosing the correct mixture of
the two suspensions. Going on to gradients with size ratios of 0.8 and 0.7, samples
showed disorder over most of the composition range. An increasing amount of large
particles brought a shoulder in the transmittance spectrum (Figure 4.8a,b). This was
attributed to the transition from a diffusely scattering material to a photonic glass,
dominated by the scattering properties of the monodisperse, large particles. Further
to the edge of the composition range, the transition from a disordered amorphous as-
sembly to order and crystallinity was observed. This entailed a gradual change from
omnidirectional scattering to constructive interference of ballistic photons. The baseline
moved to higher transmittance values, and a sharp stop band evolved. For the mean
transmittance, this meant a minimum at a specific composition. This was found near the
edge of the composition range, where a maximum of large particles was present with
enough small particles in the mixture to induce disorder (Figure 4.8c). For RS = 0.8, the
optimum of the scattering efficiency was found at approximately 90 wt% large particles.
A greater difference in the particle size (RS = 0.7) inhibited crystallization at even lower
percentages of small particles.

Another approach corroborated this optimum of the scattering efficiency. Transmittance
spectra are, naturally, influenced quite strongly by the sample thickness. However,
this parameter was not constant along the length of the gradients. Meniscus pinning
during vertical deposition induced oscillations of the sample thickness. Additionally, the
transition from mono- to bidisperse suspension influenced the assembly process, which
induced an overall drift of the sample thickness in some cases. Therefore, verifying
the previous results with an independent set of experiments was essential. Patterned
substrates were applied to force the colloids to assemble with a defined thickness.
Particles (co-)assembled in the ridges of the hydrophilized substrates, and the thickness
of the assembly was determined by the ridge height and the meniscus (Figure 4.8d).
Discrete compositions were coated via vertical deposition, and microspectroscopy was
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Figure 4.8.: a) Stitched microscopy image of a gradient with a size ratio of 0.8. b),c) Filtered
UV-Vis microspectra along the gradient shown in (a). d) Overlaid 3D reconstructions of a
topographically structured template, with and without particles assembled in the trenches. e)
Mean transmittance of several particle compositions with a size ratio of 0.8, measured inside the
trenches to obtain optical data from samples with a defined thickness. Reproduced from [300]
under terms of the Creative Commons license.

performed at the center of the ridges. Normalized transmittance values were obtained
for the different ensembles while maintaining complete control over the thickness. While
it did not provide the amount of information the gradients did, this approach was
complementary because it corroborated the previous results. The combination of the
two sets of experiments manifested that the optimum scattering efficiency is given at
the composition where the amount of small particles is just high enough to prevent
crystallization.

The IWC approach is an efficient screening platform for the optical properties of binary
colloidal systems. In the future, this could provide insights into more complex systems,
such as the effect of adding anisotropic particles to colloidal mixtures. Properties such
as solar reflectance might be improved even further this way and provide better passive
cooling. Besides an optimized particle mixture, I believed it should be possible to tailor
the optical properties by going one level of hierarchy higher. A gradient along the
z-direction (normal to the substrate) might also provide novel functionality. This, of
course, required a very different set of synthesis and assembly methods. I looked into this
possibility in the last project and developed a novel synthesis procedure. The resulting
gradient superstructure indeed provided enhanced broadband reflectance compared to
reference samples.
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In this project, I aimed for a very different type of gradient. Instead of a change in
composition, a gradual increase in the particle size should be prepared. Therefore,
it was not sufficient to synthesize two suspensions and change the respective mixing
ratio. Every particle size inside the range of the gradient needed to be prepared. The
definition set here for a fully continuous gradient was that the step size should 1) be
so small that it could not be analytically resolved and 2) be irrelevant compared to
the natural particle size distribution. This was not practical or even possible with a set
of discrete batch particle syntheses. The idea of this work was rather to prepare seed
particles and gradually increase the size via a semi-batch approach and slow monomer
addition. Through a set of modified synthesis and assembly methods, this would later
be transformed into a continuous size gradient.

The most intuitive way of characterizing a photonic gradient is by means of an imaging
method. This meant that the gradient of the structural coloration should range between
blue and red, i.e., over the visible spectrum. Therefore, the particle size range needed to
be roughly adjusted between 200-300 nm. I developed a modified variation of surfactant-
free emulsion polymerization to achieve this. Poly(methyl methacrylate) particles with a
hydrodynamic diameter of 220 nm were synthesized with an excess initiator. Shortly
after completion of the reaction and without letting oxygen enter the flask, further
monomer was slowly added via a syringe pump. Since the reactive conditions inside
the system persisted, this resulted in controlled particle growth under monomer-starved
conditions. Simultaneously, part of the suspension was extracted into a long, thin tube
previously inserted into the aqueous mixture. Pulling the suspension into this tube
translated the time-dependent growth into a positional dependence along the length
of it. While this proceeded slowly enough to ensure laminar flow, it was insufficient to
entirely prevent mixing inside the tube due to a flow rate near zero at the interface.
This problem was overcome by periodically introducing evenly spaced air bubbles as
separators in the tube (Figure 4.9a). The surface tension forced the separated fractions
to remain intact, preventing mixing entirely. We called this a ’controlled extraction
emulsion process’ (CrEEP). After the synthesis, more than 100 fractions were saved in
the tube with the particle size gradually increasing from 220 to 310 nm. The consequent
sub-nm step size between neighboring fractions satisfies the earlier definition of a fully
continuous size gradient. This change in diameter was linear, as determined via dynamic
light scattering (Figure 4.9b). A representative number of evenly spaced fractions was
separately left to self-assemble and form CCs. Iridescent colors, ranging the entire
visible spectrum, could be observed and, together with SEM images, proved that the
monodisperse nature was maintained through the fractionation (Figure 4.9c). This meant
that the prerequisites for a gradient photonic assembly were fulfilled, and an appropriate
assembly method needed to be developed to make use of the stored fractions.
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I achieved this through semi-continuous filtration (Figure 4.9d). The fractions were
pushed out of the tube, one by one, into a preliminary mixing container. The suspension
was diluted with water and periodically emptied into a vacuum filtration setup. This
proceeded automatically using a siphon-type mechanism. The largest particles were de-
posited first; overnight, all subsequent fractions were filtered on top. Due to the filtration,
the particles did not form CCs but remained disordered. Samples produced in this man-
ner were films with a diameter of several cm and a thickness of approximately 100µm.
Normal to the surface (z-direction), a continuous particle size gradient was observed
via SEM. No discrete steps could analytically be resolved. By careful optimization of
the gas permeability of the tube and the extraction speed, the volume of the fractions
could dynamically be adjusted during the CrEEP. The first fractions were the largest,
after which the volume gradually decreased. This counteracted the increasing polymer
weight percentage and ensured a linear gradient in the later assembly. While the size
did change along the gradient, particles at any given z-position were monodisperse.
Therefore, the prerequisite for a photonic glass was fulfilled, and structural coloration
could be observed on cross sections under an optical microscope (Figure 4.9e).
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Figure 4.9.: a) Snapshot of the synthesis. b) Hydrodynamic particle diameter as a function
of the reaction time. c) Electron and optical microscopy of CCs prepared via self-assembly of
selected fractions. d) Visualization of the semi-continuous filtration assembly. e) cross section of
a gradient colloidal glass, showing the continuous range of structural colors. Reproduced from
[296] under terms of the Creative Commons license.
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Due to the size gradient, this cross section distinctly resembled a rainbow. A continuous
color change was observed from blue over green and yellow to red. The impression
was amplified by increasing the saturation with a carbon nanolayer deposited on top to
reduce the effect of diffuse scattering. This material presents a type of structure that
was previously not accessible: a close-packed colloidal assembly with a continuous size
gradient. Both local and bulk optical characterization was then performed to illustrate
the photonic properties and possible applications.

UV-Vis reflectance microspectra were obtained at equidistant positions along the cross
section. Here, the carbon layer proved especially important in reducing the influence of
scattering at shorter wavelengths. The reflectance peaks shifted from about 650 nm to
below 500 nm when moving from the bottom to the top of the gradient, corroborating
the visual impression. The angle independence of the structural colors, which is expected
for a photonic glass, was also elucidated. 3D reconstructions, combined with optical
microscopy images, exhibited an identical color range of the gradient, irrespective of
the angle of incidence. The non-iridescent coloration is an important property, e.g., for
optical filters. In many applications, a specific wavelength range should be reflected at
all angles. For example, in passive cooling applications, sunlight has to be reflected from
the surface at all times of day, i.e., at all solar altitudes.
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Figure 4.10.: Diffuse reflectance spectra from the top surface of the colloidal assemblies. a)
Spectra and cross sections of a binary mixture of large and small particles and an assembly
prepared by mixing and subsequent filtration of all fractions obtained via CrEEP. b) Spectra and
cross sections of a bilayer of large and small particles and the gradient colloidal glass. Reproduced
from [296] under terms of the Creative Commons license.

The diffuse reflectance from the sample’s surface was measured to showcase the potential
of the photonic gradient. A set of other colloidal films was also prepared via filtration to
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provide reference materials. Small and large particles were used for the fabrication of
reference samples. When assembled separately, the colloidal glasses showed discrete
peaks in the blue and red wavelength range, respectively. A binary mixture of the two
particle types was then compared to a mixed gradient assembly. The latter was prepared
by mixing all fractions obtained via CrEEP and subsequent filtration. Compared to
the bidisperse case, the gradient mixture showed a higher overall reflectance and a
broad peak in the middle of the visible spectrum. I investigated this by comparing 2D
simulations of corresponding systems and showing a higher degree of local order in the
case of the mixed gradient. This explained the occurrence of coherent scattering and a
local peak of the reflectance in the actual sample. Lastly, a bilayer of large and small
particles was compared to the previously discussed gradient superstructure. To minimize
effects caused by diffuse scattering, samples were oriented so that the light beam first
hit the top surface (smallest particles). Two distinct peaks were observed for the bilayer,
while the gradient showed a plateau over the visible range. Since the plateau roughly
spans the wavelength range between the peaks of small and large particles, this is the
behavior that was expected and aimed for. This is advantageous regarding broadband
reflectance, as the reflectance is monotonous, and no local minima or maxima exist in
the gradient spectrum. I further showed that the range of this plateau could be tuned. A
modified CrEEP and subsequent self-assembly provided a gradient with the particle size
ranging from 220-450 nm. The plateau in the diffuse reflectance spectrum consequently
extended into the near-IR, proving the customizability of the approach. Furthermore,
the spectra of the gradient and the mixed gradient were directly compared. Great care
was taken to ensure that the total particle size distribution in both samples was identical,
and they only differed in the allocation, i.e., the superstructure. It was shown that
the gradient provided a higher reflectivity over the entire visible range, proving the
advantage of maintaining this amount of control over the synthesis and assembly process.
In conclusion, this provided a material class that shows tailorable broadband reflection
with no angle dependence.

I believe that these projects merely opened the door to a novel aspect of colloidal self-
assembly. Infusion-withdrawal coating has great potential in advancing sensing and
screening procedures. Adding more complex particles, such as rods and platelets, will
generate a much more detailed understanding of light scattering properties in mixed
assemblies. The size gradient, on the other hand, can directly be converted into an
inverse structure, which might provide novel mechanical or mass transport properties in
membranes. The mixture of all fractions after CrEEP is also an exciting system, which
could be examined in more detail when assembled at an interface as a monolayer. In
conclusion, the field of functional photonic gradients in colloidal assemblies is ready to
be explored!
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4.2 Individual Contributions to Joint Publications

The results presented in this work were prepared in cooperation with other colleagues.
The individual contributions of all authors are designated below.

Chapter 6: Time-Temperature Integrating Optical Sensors Based on Gradient
Colloidal Crystals

Marius Schöttle, Thomas Tran, Tanja Feller, and Markus Retsch

We published this article in Advanced Materials, 2021, 33(40), 2101948.

I led the conceptualization, investigation, formal analysis, and data curation. This
included sample creation and both microscopic and spectroscopic analysis. I also wrote
the original draft and designed an image that was chosen as the back cover of the journal
issue. Thomas Tran supported the investigation and formal analysis by creating software
solutions for analyzing the time-dependent optical data. Tanja Feller was involved in the
investigation by doing SEM measurements. Markus Retsch supervised the project and
reviewed and edited the manuscript.

Chapter 7: Machine Learning Enabled Image Analysis of Time-Temperature
Integrating Colloidal Arrays

Marius Schöttle, Thomas Tran, Harald Oberhofer, and Markus Retsch

We published this article in Advanced Science, 2023, 10(8), 2205512.

Thomas Tran and I were responsible for the conceptualization, investigation, formal
analysis, and data curation. I focused on chemical synthesis, sample fabrication, and
conventional analysis, i.e., UV-Vis spectroscopy, SEM, and DSC measurements. Thomas
Tran managed the image processing and wrote the software for the machine learning
model. Thomas Tran and I wrote the original draft and visualized the data together.
Harald Oberhofer and Markus Retsch supervised the project and reviewed and edited
the manuscript.
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Chapter 8: Microspectroscopy on Thin Films of Colloidal Mixture Gradients for
Data-Driven Optimization of Optical Properties

Marius Schöttle, Maximilian Theis, Tobias Lauster, Stephan Hauschild, and
Markus Retsch

We published this article in Advanced Optical Materials, 2023, 11(16), 2300095.

I led the conceptualization, investigation, formal analysis, and data curation. This
included all synthesis procedures, particle assembly, and the development of the char-
acterization methods as well as the programming of automated scripts for the data
analysis. I also wrote the original manuscript. Maximilian Theis conducted preliminary
fluorescence measurements. Tobias Lauster was involved in the original optimization
of the patterned substrates and edited the manuscript. Stefan Hauschild provided the
master wafers prepared via photolithography. Markus Retsch supervised the project and
reviewed and edited the manuscript.

Chapter 9: A Continuous Gradient Colloidal Glass

Marius Schöttle, Tobias Lauster, Lukas J. Römling, Nicolas Vogel, and Markus Retsch

We published this article in Advanced Materials, 2023, 35(7), 2208745.

I led the conceptualization, investigation, formal analysis, and data curation. This
included the development of a new type of synthesis procedure as well as the self-
assembly processes. I conducted optical and electron microscopy, local spectroscopy, and
structural characterization. I wrote all scripts for data analysis and the 2D simulations,
visualized the data, and wrote the original manuscript. I also designed an image that
was chosen as the frontispiece in the journal issue. Tobias Lauster conducted the diffuse
reflectance measurements, was involved in the discussion of the optical measurements
and edited the manuscript. Lukas J. Römling assisted with the local spectroscopy along
the gradient. Nicolas Vogel and Markus Retsch supervised the project and reviewed and
edited the manuscript.
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Marius Schöttle, Thomas Tran, Tanja Feller, and Markus Retsch, „Time temperature
integrating optical sensors based on gradient colloidal crystals“, Advanced Materials,
2021, 33(40), 2101948.

+ Thermal aging

Colloidal gradient

=
Optical readout

sec min hour

We introduce a colloidal stopband-based time-temperature integrator, which can monitor the
thermal history of a specific system over an adjustable time and temperature range. The fabrication
of a binary colloidal crystal gradient comprising same sized, monodisperse particles with distinct
glass transition temperatures are the key components for this type of integrating sensor.
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and catalysis,[8,9] to name a few. By far 
most prominent is, however, their periodic 
refractive index modulation, resulting in 
vivid structural colors. Consequently, col-
loidal crystals are predestined for sensing, 
where significant color changes can often 
be recognized with the bare eye.[10–12] A 
shift of the optical stopband, as well as a 
change of the opalescence intensity, can 
serve as an indicator for changes inflicted 
to the colloidal ensemble. Such changes 
can be caused by temperature,[13,14] 
force,[15,16] humidity,[17–19] pH,[20,21] ionic 
strength/complexation,[22] wettability,[23,24] 
or biodegradation[25] and either alter 
the refractive index contrast (change in 
intensity), the periodicity of the structure 
(change in bandgap), or both. The sensing 
performance can be further tuned, for 
example, by the introduction of fluores-
cence for organic vapor detection.[26–28]

An important and general distinction of sensors is their 
classification into reversible and irreversible ones. Reversible 
sensors indicate the actual condition of a system in real-time. 
Temperature-dependent color changes of liquid crystals are 
a wide-spread example of this. In the case of monitoring cer-
tain predefined limits, irreversible sensors are more suitable 
as they allow judging the history of a certain state. Irrevers-
ible sensors are especially relevant in food or drug transporta-
tion and storage.[29,30] When the readout response changes in 
a gradual and slow manner, irreversible sensors can also indi-
cate the degree to which a certain state has been exceeded. 
This provides additional information either regarding the time 
or intensity that a certain state has been reached. Considering 
the role of colloidal crystals in the field of irreversible sen-
sors, the loss of opalescence at the film-forming temperature 
is obvious. This process is also called dry-sintering and has 
been studied already.[31–33] The onset of dry-sintering is related 
to the glass transition temperature (Tg) in the case of polymer 
colloidal crystals. At this point, the optical and thermal proper-
ties change abruptly, corresponding to the structural degrada-
tion process. The concomitant loss of contrast and periodicity 
diminishes both photonic opalescence and thermal insulation 
properties.[34,35] Introduction of additives can alter the kinetics 
and reversibility of this film formation process, which allows 
correlating time and temperature processes.[36] Random mix-
tures of two monodisperse particle types with different glass 
transition temperatures allowed to change the abrupt jump in 
thermal conductivity at the glass transition temperature to a 
gradual one.[37] An even more elaborate microstructural design 

Manipulation-free and autonomous recording of temperature states for 
extended periods of time is of increasing importance for food spoilage and 
battery safety assessment. An optical readout is preferred for low-tech visual 
inspection. Here, a concept for time–temperature integrators based on col-
loidal crystals is introduced. Two unique features in this class of advanced 
materials are combined: 1) the film-formation kinetics can be controlled 
by orders of magnitude based on mixtures of particles with distinct glass 
transition temperatures. 2) A gradual variation of the particle mixture along a 
linear gradient of the colloidal crystal enables local readout. Tailor-made latex 
particles of identical size but different glass transition temperatures provide 
a homogenous photonic stopband. The disappearance of this opalescence 
is directly related to the local particle ratio and the exposure to a time and 
temperature combination. This sensing material can be adjusted to report 
extended intermediate and short excessive temperature events, which makes 
it specifically suitable for long-term tracing and threshold applications.

1. Introduction

Particle-based colloidal crystals (CCs) and inverse opals have 
been subject to extensive research for a long time.[1] For homo-
geneous and patterned colloidal assembly structures a wide 
range of fabrication techniques has been investigated and 
established, which render such nanostructured films a mature 
area of research.[2] The intricate nanostructure on a length scale 
of a few to hundreds of nanometers raised interest in fields 
such as granular mechanics,[3,4] heat transport,[5,6] phononics,[7] 

© 2021 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.
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with locally controlled film formation kinetics was introduced 
by Lee et al.[38] Polymer inverse opals with locally varied cross-
linking densities allowed to determine the temperature and 
exposure time simultaneously.

The aforementioned work is an excellent example of the 
emerging possibilities of future functional materials, where 
unconventional properties can be realized by a local control on 
the fundamental material properties. Lithographic (micro)pat-
terning of colloidal structures has been investigated by various 
groups already.[39] Much fewer systems have been reported in 
the case of CCs and inverse opals, where the structure or com-
position is gradually altered. First examples for tuning the lat-
tice spacing have been realized by means of diffusion,[40,41] com-
pression,[42,43] wrinkling,[44,45] or an external magnetic field.[46] 
Ultracentrifugation has also been used for the preparation of 
colloidal gradients.[47–49]

In this work, we demonstrate how a controlled spatial vari-
ation of the colloidal crystal composition allows realizing a 
time–temperature integrator. We introduce two new aspects 
to the field of colloidal materials. First, we elaborate a loga-
rithmic dry-sintering kinetic behavior based on random binary 
CCs consisting of high- and low-Tg polymer particles. Second, 
we introduce a method to fabricate thin-film colloidal crystals 
with a compositional gradient. The synergistic combination of 
composition-dependent kinetics and local composition control 
results in an adjustable time–temperature integrating sensor 
with a position-dependent optical readout.

2. Results and Discussion

The dry-sintering kinetic properties of a homogeneous CC con-
sisting of purely low-Tg particles are well known (Figure  1a). 
We, therefore, fabricated homogeneous colloidal crystals com-
prising monodisperse poly[(methyl methacrylate)-random-
(butyl acrylate)] (PMMA-r-nBA) colloids via dip-coating from 
aqueous dispersions. As a larger contact area between neigh-
boring particles is formed and the air is expelled from the 
structure, the periodic variation of the refractive index is lost. 
Concomitantly, the structural color vanishes and the cracks 
between crystalline domains become larger to accommo-
date shrinkage, which can be seen in the microscopy images 
from top to bottom (Figure  1a). Transmission UV–vis spectra 
(Figure 1b) show a slight blueshift of the photonic stopband of 
approximately 10 nm and an even more pronounced decrease 
of the intensity (purple to yellow color). The normalized stop-
band intensity can be used as a measure for the kinetics of the 
film formation process (Figure 1c, details in Figures S1 and S2, 
Supporting Information). We use a semi-logarithmic scale for a 
clearer representation of the temporal evolution of the sintering 
behavior. For the specific case shown here (Tg = 49 °C, sintering 
temperature T = 60 °C), the film formation process is complete 
after about 4 min (normalized intensity decayed to ≈0). Scan-
ning electron microscopy (SEM) images of the colloidal crystal 
before and after sintering at 60  °C for 100 min (Figure  1d,g) 
confirm the expected loss of porosity during the film formation.

Adding various amounts of a second latex bead of the 
same size but with a different glass transition tempera-
ture (Tg  = 94  °C, Figure S3, Supporting Information) to the 

dip-coating dispersion does not compromise the colloidal 
crystal formation, but it strongly influences the film formation 
process. When 50% high-Tg particles are added, the hexagonal 
lattice structure is retained, but only half of the particles experi-
ence deformation during sintering at 60 °C (Figure 1e,h). This 
leads to particle patches with retained shape and interstitial 
space. The surface impression provided by SEM is confirmed 
by the bulk behavior of the stopband, where a blue structural 
color is retained (Figure  1h, inset). Heating a CC composed 
purely of high-Tg particles at 60  °C shows no effect, and the 
structure remains unaltered (Figure 1f,i).

Analogous to the pure low-Tg system, we quantified the sin-
tering kinetics of various binary CC compositions by in situ 
UV–vis measurements at 60  °C. Figure  1k summarizes the 
time-dependent decay of the normalized stopband intensity for 
these systems. Quite strikingly, the binary compositions shift 
the film formation kinetics by orders of magnitude to longer 
time scales with an increasing amount of high-Tg particles. Each 
individual system follows an exponential decay at first glance. 
We, nevertheless, want to stress that this optical analysis is not 
sufficient to unravel the detailed mechanics of this process. 
Dry-sintering of polymer colloids takes place in a number of dif-
ferent steps, including, for example, contact area formation.[32] 
The underlying refractive index matching is presumed to arise 
from viscous polymer flow of the low-Tg component and capil-
lary infiltration of cavities between non-sintered particles. Each 
step most likely shows a unique temperature dependence, and 
we will therefore compare these results only qualitatively. One 
may infer a jump in decay kinetics between the 50% and 60% 
low-Tg particle composition in Figure 1k. We rationalize this by 
examining SEM images of all sample compositions sintered at 
60  °C (Figure S4, Supporting Information). A gradual change 
in composition results in a transition from a continuous low-
Tg particle network to isolated domains. This is most evident 
between 40–60% low-Tg particles, where the majority phase 
inverts. The presence of islands of one particle type is not an 
effect of phase separation. In Figure S5, Supporting Informa-
tion, SEM images of partially sintered CCs are compared to a 
2D-simulation of a random distribution of two particle types. 
An analysis of the mean absolute number of neighboring, non-
sintered particles in the first, second, and third generation is 
performed for both the measured and simulated images. The 
relative intensities as well as the absolute values show a signifi-
cant overlap between the experimental and simulated data. This 
comparison confirms the statistical distribution expected due to 
the same size and surface chemistry of the two particle types.

The observed sintering behavior is rather intriguing as it 
allows an adjustment of the thermal response simply by mixing 
particles at a defined ratio with two distinct glass transition tem-
peratures. The dependence of time, composition, and normal-
ized stopband intensity result in a wide parameter space that 
can be difficult to grasp. We, therefore, introduce an alternative 
way to visualize the film formation kinetics (Figure 1l,m). Here, 
the normalized intensity is plotted versus the composition and 
color-coded with respect to the sintering time. Each line rep-
resents one specific composition. Figure  1l connects the time-
scale to the crystal composition. It also helps to understand the 
representation in Figure 1m, from which the expected stopband 
intensity can be derived for any sintering time and any particle 

Adv. Mater. 2021, 33, 2101948
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Figure 1. Characterization of the film-formation of colloidal crystals at 60 °C. a) Optical microscopy images show the simultaneous color fading (blue 
to gray) and crack formation (thin dark lines) during the film-formation of 100% low-Tg particles. b) In situ transmission UV–vis spectra showing the 
temporal change of the photonic stopband during the film-formation process shown in (a). c) Time-dependent decay curve calculated from the nor-
malized stopband intensity shown in (b) to quantify the loss of opalescence. d–f) Scanning electron microscopy images of pristine colloidal crystals 
consisting of 100%, 50%, and 0% low-Tg particles, respectively. g–i) Images of the same samples after 100 min at 60 °C. Dense, sintered regions are 
color-coded in red, original SEM images are shown in Figure S4, Supporting Information. Insets show light microscopy images, where a loss of the 
photonic stopband and the appearance of cracks is visible when transitioning from a pristine to a sintered film. k) Stopband decay curves of various 
compositions between 100% and 0% low-Tg particles. (l) and (m) show how the data in (k) can be transformed to convert the time-dependent meas-
urement into a composition-dependent analysis.
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composition. For the sake of clarity, we point out to the reader 
that throughout this work, the color scheme shown in Figure 1k 
(yellow to turquois) corresponds to a change in composition, 
while a time dependency is indicated by the color scheme in 
Figure 1m (yellow to purple).

Further in situ measurements of the various particle ratios 
are conducted at temperatures of 50, 70, and 90 °C (Figure 2a–c). 
As 50 °C is close to the lower glass transition temperature, the 
observable effect is comparatively small. None of the samples 
showed complete thermal degradation during 100 min of meas-
urement time. A gradual change from 100–50% low-Tg parti-
cles is present beyond which none of the curves exhibit a dis-
cernible decay. Increasing the temperature to 70 °C causes the 
low-Tg dominated samples to degrade in a matter of seconds to 
minutes. The perceptible change of the profile shape at longer 
sintering times is shifted to the range between 70–20%. This 
is amplified when the temperature is raised further to 90  °C. 
Here, a slight degradation even of the pure high-Tg particles 
sets in. In total, the temperature and time-dependent behavior 
shows how binary CCs could be used as time–temperature inte-
grators. The combination of various compositions and their 
normalized intensities correlate to certain combinations of 
the sintering time at a certain temperature. Limits of this par-
ticular system are given by a lower temperature where no effect 
is observed at approximately 45 °C and an excessively fast film 
formation of all particles above 100°C (Figure S6, Supporting 
Information).

To fully exploit the potential of this composition-dependent 
film formation behavior, we demonstrate now how to arrange 
the binary particles in a gradient colloidal crystal. For this, 
we took inspiration from infusion-withdrawal-coating (IWC), 
which has been reported for sol–gel-derived gradients.[50–53] 
This method is based on dip-coating by the use of two syringe 
pumps (Figure 3a). A glass substrate is dipped in a dispersion 
of one particle type, which is extracted with a syringe pump. 
Simultaneously, a second syringe pump infuses a disper-
sion of the second particles at a slower rate. The water level, 
thereby, decreases continuously, mimicking dip-coating, while 
the composition changes in a slow and gradual fashion. This 
time-dependent concentration change translates directly into a 
compositional gradient along the coated substrate. Similar to 
dip-coating, this produces a continuous thin-film with a strong 

iridescent color throughout the entire sample. Figure  3b also 
shows a typical colloidal crystal with a film thickness between 
4–8 µm. The periodic roughness, especially on the top half of 
the sample, is a consequence of meniscus pinning and stick-
slip behavior.[54] Transmission UV–vis spectra in Figure  3c 
measured at equidistant points along the coating axis corrob-
orate the successful colloidal assembly. The stopband of this 
photonic crystal is distinct at all points. Peak intensities vary 
slightly, which is attributed to the observed thickness modula-
tion. Peak position and FWHM by and large remain constant, 
emphasizing the homogeneity and high quality of the gradient 
colloidal crystal. To visualize and quantify the gradual compo-
sition change, we introduced red-fluorescent polystyrene parti-
cles to the infusion dispersion. These fluorescent tracer beads 
(100  nm diameter) are small enough to theoretically occupy 
octahedral gaps in the structure and were added in a trace 
amount of 1 wt% with respect to the PMMA/nBA particles.

Fluorescence microspectroscopy (Figure  3d,e) confirms the 
targeted composition gradient. A gradual increase of the fluo-
rescence intensity is spectroscopically measured and corrobo-
rated by microscopy images exhibiting a transition from black 
to red. Modulation of the layer thickness can also be observed in 
the microscopy images. The fluorescence intensity is expected 
to be proportional to the number of tracer particles and to the 
film thickness. Quantification of the gradient is, therefore, 
performed by integration of the fluorescence signal between 
560–650  nm. The integrated fluorescence is then corrected 
to the local layer thickness by normalization to the stopband 
intensity measured at the same position. The validity of this 
analytic procedure is assessed by measuring homogeneously 
dip-coated samples with defined tracer particle concentrations 
between 0–1.0  wt% (Figure S7, Supporting Information). The 
expected linear trend of the tracer particle concentration could 
be reconstructed when normalizing to the stopband intensity. 
This analysis confirms the direct relation between fluorescence 
particle concentration and fluorescence intensity. We use this 
direct relationship to measure the normalized fluorescence 
integral at identical positions along three individual gradient 
samples. Figure 3f shows that the composition profile follows 
a linear trend. Despite the homogeneous photonic stopband of 
this binary system, we were able to prepare a linear gradient 
of the tracer particle incorporation. Due to some limitations 

Adv. Mater. 2021, 33, 2101948

Figure 2. Three-dimensional representation of stopband decay curves. Several compositions are measured at temperatures of 50 °C (a), 70 °C (b), 
and 90 °C (c). The dashed lines are guides to the eye. They represent the composition-dependent intensity profile expected for the sintering behavior 
after certain time steps.
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inherent to the IWC setup, we can access gradients ranging 
from 0–60% composition.

Using this approach, we prepared CCs with a gradually 
changing ratio of high- and low-Tg particles. Two identical 
gradients are subjected to sintering temperatures of 70 and 
90  °C, respectively (Figure  4a,b). In both cases, dry-sintering 
and loss of structural color sets in first at the bottom of the 
sample where the amount of low-Tg particles is highest. While 
the temperature persists, the threshold between the colorful 
and degraded regions moves along the gradient. As expected, 
this film-forming process proceeds faster at a higher tem-
perature. To better quantify these observations, we evaluate 
the normalized peak intensity along the gradient sintered at 
90  °C (Figure  3c). This data is obtained from ex situ UV–vis 
measurements (Figure S8, Supporting Information) after the 
gradient structure has been subjected to the respective time 
and temperature. The stopband decay correlates well with the 
aforementioned observations. It becomes especially clear how 
sintering times on a logarithmic scale can be distinguished. 
The profiles at 1 and 10 min are just as well separated as those 
of 10 and 100 min. We further corroborate the reproducibility 

of the kinetic behavior by including the expected composition-
dependent intensity decay derived from Figure  2c as dotted 
lines in Figure  4c. This is possible by translating the position 
along the gradient into a low-Tg ratio via the results from the 
fluorescence measurements. Expected and measured data 
overlap quite well and substantiate the controlled and predict-
able sintering behavior of the nanostructure. Measurements 
along the same gradient heated to 70  °C in Figure S9, Sup-
porting Information, show a profile where dry-sintering is pri-
marily observed at the bottom of the sample where more low-Tg 
particles are present. This is corroborated by SEM images of 
the partially sintered gradient (Figure S10, Supporting Informa-
tion). In this case, distinguishing sintering times between 1, 10, 
and 100, and even 103 and 104 min is possible. Further exami-
nation shows that similar intensity profiles can be reached by 
various time–temperature combinations. For the case shown 
here, annealing at 70 °C for 100 min and 90 °C for 1 min result 
in comparable measurements. This behavior portrays the 
expected sensitivity to both temperature and time. We point out 
that a correction coefficient is applied to the expected data to 
shift the axis of the particle composition relative to the position 

Adv. Mater. 2021, 33, 2101948

Figure 3. Infusion withdrawal coating technique to fabricate gradient colloidal crystals. a) Simultaneous infusion and extraction of the colloidal disper-
sion at different rates leads to a continuous composition gradient. This gradient is coated on the submerged glass substrate by continuous extraction of 
the mixed dispersion. b) Stitched light microscopy image of a colloidal crystal prepared via infusion withdrawal coating. The overlay (white line) shows 
the thickness of the colloidal film measured along the coating axis. This sample comprises a gradient of fluorescently labeled tracer particles. c,d) Stop-
band absorbance and fluorescence intensity at various gradient positions, respectively. e) Example fluorescence microscopy images taken along the 
gradient. f) Change of the normalized fluorescence intensity versus gradient position. A linear profile of the change in composition is obtained. The 
error bars result from measurements on three individual samples.
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on the substrate in Figure  4c. This is necessary due to subtle 
and non-systematic variations during the individual coating 
processes. Such variations are likely caused by inconsistent 
pinning of the meniscus, variations of the substrate wettability, 
and the relative humidity during coating. The correction is 
done by optimizing a shift parameter to overlap the expected 
and measured data at a sintering time of 1 min. In the case of 
the 90 °C measurement, the axis is shifted by 0.8 mm. This is 
a reasonably small variability given the dynamic position of the 
wetting meniscus. Profiles of ensuing measurements at longer 
sintering times then all show a good agreement between the 
expected and measured intensity profiles.

The simplest method of analyzing the sintering behavior is 
the observation of the structural color at different degrees of 
sintering. The sintering difference along the composition gra-
dient is obvious to the bare eye (Figure 4a,b). Simple image anal-
ysis is sufficient to obtain a more quantitative analysis, which 
reaches a comparable significance compared to the spectral 
analysis shown in Figure 4c. The separation of the color chan-
nels and profile analysis of the green channel image is shown 

in Figure  4d. The distinction of sintering times on the same 
logarithmic time-scale is clearly visible. To provide a benchmark, 
the accuracy of temperature and time determination by green-
channel evaluation is provided in Figures S11 and S12, Sup-
porting Information, respectively. These experiments show that, 
depending on the absolute temperature region, temperature 
steps between 5–10  °C can clearly be distinguished. Regarding 
the temporal evaluation, approximately 1–2 steps can be resolved 
between each decade. Despite the uniquely simple measure-
ment and evaluation, reproducibility is not impaired as shown 
in Figure S13, Supporting Information. Identically prepared 
colloidal crystal gradients show green-channel profiles with a 
strong overlap when subjected to the same thermal history.

This method of evaluation requires no elaborate equipment 
and works with a low-level software realization. We expect that 
given correct lighting conditions and a reference region on 
each sample, this analysis could be readily achieved by modern 
smartphones. This provides the context for a potential appli-
cation of such gradient-based time–temperature integrators. 
These structures operate autonomously and cannot be restored 

Adv. Mater. 2021, 33, 2101948

Figure 4. Colloidal crystals with a gradual change of the ratio of high- and low-Tg particles. (a) and (b) show identically prepared gradients and the 
sintering procedure at 70 and 90 °C, respectively. Images are obtained via stitching of light microscopy images and ex situ during the sintering process. 
The respective sintering times increase on a logarithmic scale. c) Normalized intensity obtained from ex situ UV–vis transmission measurements 
along the gradient axis. The dotted lines correspond to expected profiles originating from in situ measurements shown in Figure 2c. The shaded areas 
arise from the errors in the linear fit in Figure 3f, which is needed to correlate distance and composition. d) The inset shows green-channel images 
after color-channel separation of the pictures in (b). Profile analysis normalized to the measurement of the pristine gradient shows analogous results 
to the ex situ UV–vis measurements.
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nor refreshed once the film formation sets in and are, therefore, 
not susceptible to manipulation. The distinct property of this 
gradient sensor is its sensitivity to prolonged moderate tem-
perature exposures and short high-temperature excesses. The 
temperature can be imposed by the environmental conditions 
or caused by an operating device serving as heat source. Hence, 
a continuous monitoring of, for example, the thermal history of 
high-power batteries is readily conceivable, where heat manage-
ment is gaining increased attention. High operating tempera-
tures have pronounced negative effects regarding, for example, 
capacity fading.[55,56] Batteries that experience excessive temper-
atures can additionally become a safety hazard.[57] As batteries 
are an ubiquitous part of everyday life, it is of great importance 
to make an assessment of the thermal history as simple as pos-
sible. The colloidal gradients introduced here provide a visual 
way to judge on the time–temperature history based on the posi-
tion-dependent stopband intensity. Beyond a certain threshold 
of local film formation, either the desired life expectancy would 
have been surpassed, or an undesired high-temperature excur-
sion appeared. In either case, a thorough analysis of the battery 
state would be required before further usage. For such potential 
applications the current model system needs to be improved by 
a specific design of the required sensitive temperature range. 
This can be achieved by fine-tuning the composition range, by 
realizing non-linear composition gradients, and by creating gra-
dient strips with particles of different, pre-defined Tg.

3. Conclusion

We have demonstrated a novel approach to functional colloidal 
crystals, which can be used as time–temperature integrators. 
Two key advancements in colloidal material fabrication made 
this sensor based on structural color detection possible. First, 
mixing of two equally sized, monodisperse latex particles with 
distinct glass transition temperatures provides access to com-
posite colloidal crystals with specific time-dependent film for-
mation properties. The film formation kinetics at a certain 
temperature can be varied from a few seconds to hours, days, 
and weeks by choosing the right particle composition. Second, 
the fabrication of gradient colloidal crystals allows the transla-
tion of the particle composition to a local position. We, there-
fore, introduced infusion-withdrawal coating for the fabrication 
of linear composition gradients at a retained optical stopband. 
The gradient structures exhibit the expected film-formation 
kinetic behavior and, consequently, change the intensity of the 
optical stopband locally. The gradual and local transition can be 
analyzed spectroscopically or through simple image analysis 
and provides a simple, autonomous, and manipulation-free way 
to assess the colloidal gradient’s thermal history. Our contri-
bution demonstrates how space-specific material engineering 
allows fabricating structures that exceed their individual com-
ponents′ properties.

4. Experimental Section
Details on the particle synthesis, coating procedures, and 

characterization methods, as well as details regarding the data 
evaluation of UV–vis spectroscopy, fluorescence spectroscopy, and 

scanning electron microscopy images can be found in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Experimental Section 

Materials:  

Methyl methacrylate (MMA), n-butyl acrylate (nBA), 3-styrenesulfonic acid sodium salt 

hydrate (NaSS, ≥99%), and potassium persulfate (KPS, ≥99%) were obtained from 

Sigma-Aldrich. MMA and nBA are destabilized over Alox B prior to use.  Sulfate-modified, 

fluorescent red polystyrene particles (100 nm diameter) were obtained from Sigma-Aldrich as 

an aqueous suspension, diluted to 0.025 wt.%, and sonicated for 20 minutes before further 

use. Water is taken from a Millipore Direct Q3UV unit for all experiments. 

 Particle synthesis: Monodisperse polymer colloids are prepared via an emulsifier free 

emulsion polymerization. 13 mL monomer mixture (MMA/nBA, either 70:30 or 90:10) are 

added to 250 mL water and heated to 80 °C. After stirring at 850 rpm for 60 minutes under 

nitrogen flow, 10 mg NaSS and subsequently 100 mg KPS, both dissolved in 5 mL water, are 

added quickly. After 15 minutes, the stirring speed is reduced to 650 rpm. The reaction is left 

to proceed over-night and terminated by exposure to ambient oxygen. 

Substrates: Glass substrates are cleaned carefully prior to all coating procedures. 

Ultrasonication proceeds twice in 2 vol.% aqueous Hellmanex III solution and once in 

ethanol (p.a.). Subsequently, substrates are immediately dried under a nitrogen stream. 

Directly before coating, the surface is hydrophilized via oxygen plasma treatment. 

Dip-coating: Homogeneous colloidal crystals are prepared via dip-coating. Several 

dispersions with varying ratios of particle types are prepared. Mixtures are adjusted to 1.0 

total wt% and stirred over-night to ensure statistical distribution of the two particle types. 
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Clean glass substrates are inserted, and dip-coating proceeds with a velocity of 0.25 µm s
-1

 

and a controlled atmosphere of 25 °C and 75% relative humidity. 

Infusion-withdrawal-coating: Gradient colloidal crystals are prepared via an infusion-

withdrawal-coating process. A clean glass substrate is dipped in a 10 mL PTFE-beaker filled 

with 8.7 mL of the starting dispersion and equipped with a stirrer bar. The stirring speed is set 

to 80 rpm. Two cannulas are inserted vertically on opposite sides of the beaker, and each is 

connected to a syringe pump. One injects the second dispersion at 0.6 mLh
-1

, the other 

extracts the resulting mixture at 1.1 mLh
-1

. Taking into account a determined evaporation rate 

of 0.1 mLh
-1

, this ensures that the extraction rate is twice the infusion rate. The first part of the 

colloidal crystal is especially subject to pinning and defect formation. Therefore, before the 

infusion is started, extraction is set to 0.5 mLh
-1

 for one hour. The corresponding top part of 

the sample is not regarded in the evaluation. The concentration of both dispersions is 1.3 wt%, 

and the ambient conditions lie between 19 - 21 °C and 25 - 35% relative humidity. For the 

fluorescence measurements, one PMMA/nBA type is used, and 1.0 wt.% (with respect to 

PMMA/nBA) red-fluorescent polystyrene particles are added to the infusion dispersion. 

Methods: 

Differential scanning calorimetry: Measurements are conducted using a TA Instruments 

Discovery DSC 2500. The second of two heating cycles is used for the evaluation. Samples 

are measured between -20 – 200 °C at 10 K min
-1

 and in a nitrogen atmosphere. 

Imaging microscopy: 2D color images and 3D reconstructed images are obtained using a 

laser scanning microscope (Olympus, LEXT). High magnification images are taken using a 

50x lens with N.A. 0.95. Overview images are obtained by stitching several domains with a 

5x lens with N.A. 0.15. 

UV-Vis/Fluorescence microspectroscopy: The setup is based on an Olympus IX71 inverted 

microscope. Throughout all measurements, a 4x lens with N.A. 0.10 is used. UV-Vis spectra 

are obtained in transmission geometry with a halogen light source. An OceanOptics USB4000 
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spectrometer is coupled via fiber optics. In-situ measurements are conducted by using an 

Instec HCS622HV heating stage with a silver heating block and transmission capability to the 

setup. The lid of the stage is lifted briefly while the sample is placed on the preheated silver 

block, and the measurement is immediately started. Spectra are obtained every 500 ms over a 

period of 100 minutes. Ex-situ measurements are performed by externally heating samples on 

the same heating stage for a defined amount of time. Subsequently, a motorized µm-stage is 

used to automatically measure spectra at defined positions along the samples. 

Fluorescence spectroscopy is performed with the same setup but with a mercury vapor lamp 

in reflection geometry. A Chroma 49005 Cy3 filter cube is used, allowing excitation between 

530 - 560 nm and emission detection between 590 - 650 nm. The integration time is set to 

2 seconds, and 10 scans are measured for averaging. Gradients are measured at defined 

positions using a µm-stage. Thereby, fluorescence and transmission UV-Vis spectra can be 

measured at the same position. 

Scanning electron microscopy: Images were taken with a Zeiss Ultra plus (Carl Zeiss AG, 

Germany) at an operating voltage of 3 kV and with in-lens detection after sputtering of 

2 - 4 nm platinum. 
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Figure S1. Transmission UV-Vis spectra during the film-formation of a 100% low-Tg 

colloidal crystal at 60 °C. Dotted green lines show the baseline used for the evaluation. 

Division of the spectrum by the baseline and subsequent normalization to the stopband 

intensity at 0 minutes leads to the decay curve in Figure 1c.  
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Figure S2. Exemplary in-situ UV-Vis measurements of samples with a) 80, b) 60, and 

c) 10% low-Tg particles at 60°C. After 5 minutes, the spectra in a) show slight minima and 

maxima that arise from thin-film interference. This cannot accurately be distinguished from 

the stopband and is therefore not corrected. As an effect, the normalized intensity decays to a 

value slightly above zero. 
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Figure S3. The second heating curve of DSC measurements of PMMA/nBA particles with a 

monomer ratio of a) 70:30 and b) 90:10. 
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Figure S4. Scanning electron microscopy images of colloidal crystals after film formation for 

100 minutes at 60 °C. Different compositions are labeled with the amount of low-Tg particles 

in the mixture. 
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Figure S5. a) Scanning electron microscopy images of colloidal crystals with a different 

amount of low-Tg particles after film formation. b) Simulated distributions of two different 

particle types randomly mixed in a 2D-hexagonal structure. The images are calculated by 

randomly assigning each particle with a black or grey color. The probability of each color is 

chosen according to the particle ratio in the SEM counterpart. 

For the quantitative evaluation, the positions of non-sintered particles in the SEM images and 

grey particles in the simulations are examined. The mean number of neighbors is evaluated in 

both cases. First generation neighbors are integrated between 0 - 0.3 µm distance between 

particle centers, second generation between 0.3 - 0.5 µm and third generation between 0.5 - 

0.7 µm. The distributions of experiments and simulations correlate very well. Relative 

intensities of the three generations as well as the absolute values are comparable. This 

concludes that the particles are indeed randomly distributed in the colloidal crystals. The lack 

of phase separation and prevention of heterogeneous film formation kinetics is a prerequisite 

for the characterization shown in this work.  
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Figure S6. a) Stopband decay curves of colloidal crystals consisting purely of high- and 

low-Tg particles, respectively, at 45 °C. b) Stopband decay curve of 100% high-Tg particles at 

100 °C. These measurements show the temperature limits accessible with the present 

combination of copolymer colloids. 
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Figure S7. Exemplary a) baseline-corrected transmission UV-Vis and b) fluorescence 

emission spectra of a PMMA/nBA colloidal crystal prepared via dip-coating with 1.0 wt.% 

red-fluorescent polystyrene particles. Green lines in b) show the integration boundaries 

required for further evaluation. c) Determined stopband intensity and d) fluorescence integral 

of all measurements. e) Normalized fluorescence integral obtained for the various percentages 

of tracer particles. The green dotted line represents the linear fit used for the correlation of 

position and composition of the gradient in Figure 3f. 
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Figure S8. Baseline corrected transmission UV-Vis spectra measured ex-situ along a gradient 

colloidal crystal. These show the film formation process at 90 °C and how the degradation 

proceeds along the gradient. 

  

102



  

12 

 

 

Figure S9. Measurements of the colloidal crystal gradient after different sintering times at 

70 °C. a) Greyscale profile analysis via green channel separation of photographs shown in 

Figure 4a. b) Ex-situ UV-Vis results of a gradient sintered at 70 °C (large symbols) and 90 °C 

(small symbols) at equivalent sintering-times. The near overlap of the time-temperature pairs 

100 min / 70 °C and 1 min / 90 °C shows the mutual influence of both time and temperature 

on the local film formation. 
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Figure S10. Scanning electron microscope images of a colloidal crystal gradient sintered at 

70 °C for 100 minutes. A gradual decrease in the percentage of low-Tg particles is observed 

from left to right. The random particle distribution corresponds well to the individually 

prepared mixtures shown in Figure S4. 
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Figure S11. Temperature accuracy evaluation. Five gradient colloidal crystals are subjected 

to temperatures between 60 – 90 °C and the respective profiles are determined via green-

channel image analysis. Three sintering times of a) 1 minute, b) 10 minutes and c) 

100 minutes are presented. Temperature difference of 5 °C and higher can be distinguished. 
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Figure S12. Time accuracy evaluation. A gradient colloidal crystal is subjected to a 

temperature of 70 °C and ex-situ profiles are obtained at various sintering times. The 

respective time decades (1 min, 10 min, 100 min) are well separated, inferring a temporal 

accuracy of a fraction of the sintering time of interest. 
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Figure S13. Reproducibility evaluation. Gradient colloidal crystals are subjected to sintering 

temperatures of a) 60 °C and b) 80 °C and profiles are determined via green-channel image 

analysis. Two samples are measured at each temperature and the resulting profiles are 

presented together (shown as an overlay of dark and light curve for each sintering time). The 

corresponding samples at the given sintering times are shown in c) and d), respectively. The 

high agreement between the two samples at both temperatures showcases the reproducibility 

of the time-temperature integrator. The green-channel profile analysis is conducted in regions 

of the samples (white shaded area) unaffected by the dark-green defects. 
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The optical response of multicomponent photonic crystals contains intricate information regarding
a sample’s thermal history. In this work, the authors present a reproducible sensor fabrication
method coupled with fast data acquisition via digital photography. Machine learning assisted
evaluation allows smartphone-based sensing of thermal events. Time and temperature can
thereby be obtained independently and without specialized equipment.
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Machine Learning Enabled Image Analysis of
Time-Temperature Sensing Colloidal Arrays

Marius Schöttle, Thomas Tran, Harald Oberhofer, and Markus Retsch*

Smart, responsive materials are required in various advanced applications
ranging from anti-counterfeiting to autonomous sensing. Colloidal crystals are
a versatile material class for optically based sensing applications owing to
their photonic stopband. A careful combination of materials synthesis and
colloidal mesostructure rendered such systems helpful in responding to
stimuli such as gases, humidity, or temperature. Here, an approach is
demonstrated to simultaneously and independently measure the time and
temperature solely based on the inherent material properties of complex
colloidal crystal mixtures. An array of colloidal crystals, each featuring unique
film formation kinetics, is fabricated. Combined with machine
learning-enabled image analysis, the colloidal crystal arrays can
autonomously record isothermal heating events — readout proceeds by
acquiring photographs of the applied sensor using a standard smartphone
camera. The concept shows how the progressing use of machine learning in
materials science has the potential to allow non-classical forms of data
acquisition and evaluation. This can provide novel insights into
multiparameter systems and simplify applications of novel materials.

1. Introduction

Autonomous sensing has become increasingly important for var-
ious aspects of everyday life. For example, lifetime monitoring of
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batteries, food, and medicine requires
tamper-proof sensors independent of an
external power supply.[1–3] Color-coded
systems are advantageous since they allow
user-friendly readout.[4] This prerequisite
is often realized using the responsive pho-
tonic properties of nanostructured (often
polymeric) materials.[5,6] These can react to
external stimuli by changing the spacing,
effective refractive index, or via loss of
order.[7–9] Beside the sensing of, e.g., pH-
value[10] and (bio-)analytes,[11] temperature
monitoring plays a key role in tracking
degradation and spoilage.[12,13] Depending
on the application, both reversible sen-
sors and irreversible indicators have been
shown.[14,15] More intricate systems can
provide further information regarding the
thermal history. Time–temperature integra-
tors (TTIs) additionally provide temporal
readout, which is highly relevant for estab-
lishing the safety of products.[16–18] Often,
this is achieved by controlling the kinetics

of the deformation process in structured polymeric materials.[19]

A system shown by Lee et al. even allows the indepen-
dent evaluation of time and temperature.[20] This was possi-
ble by semi-analytical characterization of the creep-deformation
process in polymeric inverse opals using local UV–vis spec-
troscopy. Recently, we showed a related material class: mixed
colloidal crystals.[21] These make use of adjustable dry-sintering
kinetics[22,23] and show great potential regarding evaluation using
simple image analysis.

Sensing via RGB channels of images obtained with digital
cameras greatly enhances the applicability compared to a spec-
tral analysis. Examination using commercial, hand-held devices
rather than expensive (micro-)spectrometers makes these appli-
ances much more user-friendly and more easily distributable.
Research on such methods has been shown for, e.g., pH-
sensing[24] and water-content determination.[25] Other materi-
als for smartphone-based temperature sensing allow readout via
luminescence thermography.[26–29] Another path towards com-
bining materials science with digital advancements is begin-
ning to evolve in the form of machine learning.[30] The appli-
cation of these tools stretches from the prediction of optical
properties[31] to optimizing synthetic parameters to create the
desired materials.[32] For sensors, machine learning allows au-
tomated readout of complex, multiparameter systems that often
cannot be described analytically. Examples comprise biomolecu-
lar sensing,[33] ethanol content,[34] and temperature.[35,36]

Adv. Sci. 2023, 2205512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205512 (1 of 9)
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Here, we introduce a TTI based on multicomponent colloidal
crystals, using smartphone-based image acquisition and ma-
chine learning analysis for the data evaluation. Four monodis-
perse polymer particle types are synthesized with varying glass
transition temperatures to span a quaternary phase diagram. We
use a fast, automated, and reproducible drop-casting method to
fabricate colloidal crystal arrays of mixed compositions. The com-
position correlates to the dry-sintering kinetics and concomi-
tantly to the loss of structural color. However, the quaternary par-
ticle system is too complex to allow an analytical description. In-
stead, we demonstrate that an artificial neural network can accu-
rately measure our colloidal crystal arrays’ time and temperature
history. A system that initially is too intricate for conventional
characterization is thereby made applicable for multiparameter
sensing. Our analysis demonstrates a general approach to im-
prove the sensing capabilities of well-established photonic struc-
tures drastically. Due to the scalable fabrication process, the mod-
ular adjustment to other sensing tasks by a specific particle se-
lection, and the user-friendly, low-tech characterization method,
this TTI concept opens the pathway toward cheap multiparame-
ter sensors.

2. Results and Discussion

We aim to fabricate a sensor enabling a simple readout of two
independent parameters: time and temperature. One main dif-
ficulty, thereby, is designing a system that is complex enough to
over-determine the parameter space yet remains feasible to ana-
lyze. The concept presented here is based on an array of polymer
colloidal crystals (CCs). The first step, therefore, is the realiza-
tion of a suitable self-assembly process. Prerequisites for sample
preparation are site selectivity, reproducibility, automation, and
a fast preparation rate. Consequently, we apply a combination of
array-printing and drop-casting that meets these criteria and ad-
ditionally is scalable, resource-efficient, and non-toxic.

A spring-loaded pin with a hydrophilic, round tip is dipped into
a particle suspension that adheres via wetting. When brought
into contact with a glass substrate, a defined dispersion volume
is deposited and subsequently forms a CC via evaporative self-
assembly (Figure 1a). The interplay of capillary and Marangoni
flow in these sessile droplets at room temperature results in a
pronounced coffee-stain effect (Figure 1b).[37] Structural colors
appear faint and far from homogeneous, and the droplet itself
shows an irregular shape. When heating the substrate to 70 °C,
the interactions favor a homogeneous layer of particles, facilitated
by the formation of a “milk-skin”-like particle layer during the ac-
celerated evaporation.[38] Additionally, evaporation occurs at the
edges immediately after contact, forcing the assembly to occur
in a well-defined circular area. This greatly enhances the repro-
ducibility and, thereby, the readability of the sensor during the
analysis described later. Scanning electron microscopy (SEM) im-
ages of the surface show large domain sizes of densely packed,
monodisperse particles, corroborating the vivid structural colors
observed via light microscopy (Figure 1c). Another significant
feature of this process is efficiency, as almost none of the suspen-
sion is wasted. Therefore, a given laboratory-scale batch of parti-
cles (typically a few 100 mL with 5 wt.% particle concentration)
can theoretically be used to prepare several thousand samples.

Having established a robust array fabrication method, we now
present the cornerstones of the particulate system. The polymer
latex particles used in this work consist of random copolymers
of methyl methacrylate (MMA) and n-butyl acrylate (nBA). Four
different particle types are prepared with varying comonomer vol-
ume ratios between 85:15 and 100:0 while maintaining a consis-
tent particle diameter of 320± 5 nm. Self-assembly of all four par-
ticle types and subsequent UV–vis spectroscopy (Figure 1d) show
an optical stop band at 635 ± 3 nm in each case. Both the assem-
bly behavior and the periodicity of the resulting nanostructure are
thereby proven to be uniform. The differences between the four
particle types are elucidated via differential scanning calorimetry
(DSC). Heating curves show the glass transition temperature (Tg)
shifting towards higher temperatures when increasing the MMA
content (Figure 1e). This dependency of Tg and comonomer com-
position is linear (Figure 1f).

The key aspects of these building blocks are the same size and
surface chemistry of the particles with different thermal proper-
ties. This allows the fabrication of multicomponent yet crystalline
nanostructures from mixed particle suspensions. Depending on
the number of components in an ensemble, the film formation
process can be tailored to a specific temperature range. The ther-
mal parameter space, we apply for sensing, can be elucidated in
a quaternary phase diagram (Figure 1g) showing all utilized par-
ticle mixtures. The automated array-printing setup facilitates the
realization of this large parameter space. We, therefore, drop-cast
a total of 20 different particle mixtures onto defined positions on
a glass substrate (Figure 1h). Two spots are prepared with each
composition to introduce some redundancy and improve later
readout. The setup allows reproducible fabrication of samples
with circular spots of CCs, all with the same vivid, red structural
coloration due to a consistent periodicity, geometry, and effective
refractive index (Figure 1i). Differences can later be observed at
elevated temperatures, where the thermal response of each com-
position is tracked.

The question now is how to characterize such a sample appro-
priately. Classic laboratory characterization methods can be di-
vided into two groups: 1) Methods that exhaustively cover the en-
tire sample but can only be measured ex situ. 2) In situ methods
that are, however, limited to one spot at a time. An example of ex
situ characterization is scanning light and electron microscopy
(Figure 2a–d). A pristine sample (RT), as well as three samples
subjected to isothermal sintering at different temperatures be-
tween 83 and 112 °C for 120 min are shown. Depending on the
thermal history, specific CCs remain (nearly) pristine, while oth-
ers show various degrees of discoloration. We examine three rep-
resentative positions post-sintering via SEM to corroborate the
expected structural change (Figure 2b–d). The respective CCs
consist of particles with 90%, 95%, and 100% MMA and show
compositions of 0:1:2 (spot i), 1:1:1 (spot ii), and 2:1:0 (spot iii).
When the CC consists of only high-Tg particles (spot i), the struc-
ture remains intact after heating (blue-shaded particles). When
only the minority phase is affected by the temperature increase,
and these particles deform (spot ii), an interconnected nanostruc-
ture of periodically arranged particles remains. As the tempera-
ture persists, these voids are slowly filled by the creeping polymer.
The overall refractive index contrast between spheres and voids
is concomitantly reduced, and the saturation diminishes. If the
majority of particles are heated above their Tg (spot iii), only small
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Figure 1. Fabrication process of multi-spot colloidal crystal sensors. a) Snapshots of the array-printing procedure, showing the (i) advancing, loaded
tip, (ii,iii) the tip in contact with the substrate, and (iv) the receding pin. b) Microscopy images of spots prepared at different substrate temperatures,
elucidating the importance of accelerated evaporation during self-assembly. c) SEM images of the colloidal crystal shown in panel (b). d) UV–vis re-
flectance spectra of four spots prepared from copolymer particles of identical size but different comonomer compositions. e) DSC heating curves of the
four different copolymers. f) Glass transition temperatures obtained from panel (e), showing a linear dependence regarding the comonomer composi-
tion. g) Quaternary phase diagram of all particle mixtures obtained from mixing the four different particle types. h) Positions of these mixtures on the
substrates. i) Microscopy image of a substrate prepared via the array-printing of the mixed particle suspensions shown in panels (g) and (h).

islands remain and (nearly) all symmetry and periodicity are lost.
No discernable color remains.

Complementary to this ex situ evaluation, in situ UV–vis spec-
troscopy provides temporal information regarding the sintering
process. Three spots are measured, one after the other (Fig-
ure 2e–g). The spectrum of spot i shows little to no change during
60 min at an elevated temperature. Spot ii, however, shows a slow
and consistent degradation of the stop-band to approximately half
of its previous reflectance. Spot iii shows a fast response, with

almost complete loss of any indication of a photonic stop-band
during the first 10–15 min. Quantifying the time-dependent UV–
vis spectra is possible, e.g., in the form of the normalized stop-
band intensity (Figure 2h). However, it is unfeasible to perform
this measurement at all 40 spots at once. Spectroscopic meth-
ods, therefore, fail to provide a holistic evaluation of the sen-
sor’s response to thermal events. Additionally, while similar op-
tical studies of inverse polymeric opals have been conducted by
applying, e.g., the Kelvin–Voigt model and WLF theory,[20] our
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Figure 2. Thermal response of the sensors. a) Light microscopy images of samples held at different temperatures for 120 min. The width of each image
is 27 mm. b–d) SEM images of the spots indicated in panel (a). The blue overlay shows intact, non-sintered particles. e–g) In situ UV–vis spectra of
equivalent spots during the sintering process at 98 °C showing the gradual stop-band degradation. These, however, have to be measured consecutively.
h) Time-dependent decrease of the normalized stop-band intensity. i) Photographs taken in situ of a sample during the sintering process at 98 °C with
a smartphone camera.

system is difficult to be studied (semi-)analytically.[21] Sintering
of particulate systems, in general, is a multi-step process,[39,40]

and the binary and ternary mixtures increase this intricacy. Be-
sides the polymer and particle composition, the surface chem-
istry may influence the film formation kinetics. All this ren-
ders an analytical description of the film formation increasingly
difficult.

Machine learning lends itself as a prime candidate for evalu-
ating the behavior of our sensors. It can describe nonlinear be-
havior without requiring extensive physical modeling. Instead, a
prerequisite for machine learning is a large amount of data. We
acquire the necessary data by capturing the time-dependent opti-
cal response of the sensor using a smartphone camera. This un-
conventional yet convenient method has the additional benefit of
being widely applicable and providing a user-friendly and non-
expert evaluation. Capturing the response with a smartphone
combines the time-resolution of the in-situ UV–vis spectroscopy

with the ability to measure the entire sensor of scanning mi-
croscopy (Figure 2i).

An evaluation of the full images is computationally expensive
and includes many pixels of the substrate background that con-
tain no relevant information. Furthermore, slight differences be-
tween spot sizes will complicate the training process. We, there-
fore, determine the mean red value of each spot by dividing every
image into 40 sub-images containing one spot each (Figue 3a).
We use the mean brightness of the 5%, 10%, 15% , 20%, and 25%
of pixels with the highest red value for the evaluation (Figure 3b).
For each substrate, 40 spots with five mean values each corre-
spond to 200 inputs for a given image. Compared to the RGB
images with a size of 420×1060 pixels, the number of inputs is
reduced by a factor of ≈6700, significantly speeding up computa-
tions. The mean red value of each spot (Figure 3c) changes sim-
ilarly to the stop-band intensity shown in Figure 2h. Spots i and
ii both show little to no change during 120 min of isothermal
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Figure 3. Preprocessing of the image data for the neural network. The shown image was taken after heating the sample for 80 min at 98 °C. a) The digital
image of the sensor is divided into 40 sub-images containing one spot each. b) For each sub-image, the pixels with the highest red value are used for
further evaluation. c) The mean red values follow the same trend as the stop-band decay.

heating. Also, the absolute red value of the two spots is nearly
identical, corroborating the homogeneity and structural integrity
of the CCs. The mean red value of spot iii decreases continu-
ously throughout the measurement, while spot iv shows a fast
degradation during the first 10 min. Combining these different
response types to an elevated temperature is important for mak-
ing a reasonable readout possible. For comparison, we also show
analogue plots for samples measured 5 K above and below this
temperature (Figure S1, Supporting Information). The influence
of the change in temperature on the sintering kinetics is clearly
visible in each decay curve. Therefore, we conclude that thermal
and temporal information is hidden in the 200 inputs and con-
tinue to establish a model capable of deciphering the results.

We use artificial neural networks (ANNs) with ten hidden lay-
ers to predict the time and temperature of a single image. The de-
sign idea for our ANN is to model the distinct sintering kinetics
of each particle composition at each temperature. Therefore, the
model consists of two parts (Figure 4). First, the model estimates
the probability of an image being taken at a specific temperature
by detecting the pattern of spots with no, little, and high red inten-
sities. The resulting probability density and the mean red values
are the inputs for the time prediction layer. Finally, the model re-
ports the most probable temperature and predicts the time as a
continuous variable. A detailed description of the network archi-
tecture and training procedure is in the Experimental Section.

We trained the ANN with nine different temperatures between
100 and 140 °C. Here, we report the hot plate set point as the
temperature for better readability. The set point is slightly higher
than the actual sensor temperature (Figure S2, Supporting Infor-
mation). At each temperature, we measured eight samples for 2
h at intervals of 5 s, corresponding to >94000 training images.
Supervised training optimizes the model parameters, and after
20 training epochs, the model assigns 96.7% of training images
to the correct temperature (Figure S3a, Supporting Information).
The predicted time also correlates very well with the measured
time. More than 80% of training inputs deviate <10 min from
the correct value (Figure S3b, Supporting Information). We no-
tice that the wrong assignment of temperatures occurs primarily

Figure 4. Artificial neural network architecture. The model consists of two
parts. The first half predicts the temperature by using only the mean red
values. The second half predicts the heating time, with the inputs being
the mean red values and the temperature probabilities.

at short times and that the incorrectly predicted temperature is
directly below the correct temperature (Figure S3c, Supporting
Information).

Next, we investigate the generalization of our ANN by predict-
ing the time and temperature for two validation samples per tem-
perature. Our model has never seen these samples before and is
unaware of the correct values. We can validate our system over
the whole time–temperature regime because both the sensor cre-
ation and the sensor evaluation are automated. In total, the vali-
dation set consists of >23000 images. As shown in Figure 5, the
resulting predictions resemble the training results well. Temper-
ature predictions are correct for the most part (96.4%). If images
are mislabeled, the temperature error is mainly only 5 K (3.3%).

Adv. Sci. 2023, 2205512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205512 (5 of 9)
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Figure 5. Prediction results for two samples per temperature, corresponding to >23000 validation images. a) Correlation of correct and predicted
temperatures. Incorrect predictions (hatched areas) are minimal and mostly show a deviation of only 5 K from the correct value. Underestimations are
shown at the top, and overestimations at the bottom. b) Correlation between correct and predicted time values.

Concerning the time, the majority of the predictions closely fol-
low the correct value (Figure 5b). However, some predictions de-
viate from expectations. The large number of validation images
allows us to investigate these deviations in more detail by group-
ing the time predictions by the correct temperature.

Figure 6a shows how the prediction quality varies with the cor-
rect sensor temperature. Each point in the graphs corresponds to
one validation image. For most temperatures, no difference be-
tween the two used validation samples is visible, demonstrating
that both the creation and evaluation of our sensors are highly re-
producible. While predictions at temperatures below 135 °C are
very accurate, some images at the highest temperatures show in-
correctly predicted time values. As the same phenomenon occurs
in the training data (although less pronounced), this is not a gen-
eralization issue but a limitation of the applied system itself.

Without a large amount of validation data, it is impossible to
identify the prediction capabilities in the distinct areas shown
above. Previous publications about TTIs validated their system
with a small number of validation samples,[15,18,20,21] thus, not
covering the whole time–temperature regime. Our large amount
of validation data allows us to state individual uncertainties for
each pair of predicted temperature and time (Figure 7). The mean
absolute difference between the predicted and the measured time
is generally below 10 min for temperatures below 135 °C. For
high temperatures, the uncertainty is larger. These individual er-
rors can be used as an output for the end user. Examples of single
images as recorded by a potential user are shown in Figure 6b.

Further examples are in Figures S4–S6 (Supporting Informa-
tion), showing how our integrators behave with multiple temper-
ature steps. As expected, if the sensors cool down between two
isothermal heating steps, the predicted time is the sum of the two
heating durations (Figure S4, Supporting Information). If multi-
ple heating events in the temperature range of the sensors occur,
the prediction refers to the higher temperature and further heat-
ing at lower temperatures does not affect the readout (Figure S5,
Supporting Information). For small temperature differences, a
slight overestimation of the time is possible (Figure S6, Support-
ing Information). Consequently, this type of TTI sensor is most
suitable and applicable for the recording of the highest tempera-
ture events, which are, in many cases, the most relevant ones to
judge on safety or spoilage issues.

The evaluation of a single photograph takes <1 s and is based
solely on an image taken by a smartphone camera. No knowl-
edge of photonic systems or the underlying physical processes
is necessary to utilize our system. The software will immedi-
ately predict the time and temperature of the photographed sen-
sor and state the corresponding uncertainty. Consequently, non-
specialists can employ our system effortlessly. This concept can
conceivably be adjusted to adapt the prerequisites to various ap-
plications. The time and temperature ranges that can be deter-
mined are related only to the thermal properties of the respective
polymer particles. Changing the glass transition temperature of
these can easily be done by varying the monomer composition.
Alternatively, high-temperature applications can be made possi-
ble by adding inorganic components such as silica colloids to the
phase diagram. Since the process is irreversible, tamper-proof
monitoring of goods such as food or batteries becomes a simple
process. Further advancements can be readily implemented by
miniaturizing the colloidal arrays down to the image resolution
limit of commercial cameras. Thereby, an even larger number
of CC spots and, consequently, particle mixtures could be exam-
ined at once. Increasing the number of CC spots will also provide
flexibility to include particle mixtures with different stop-bands
allowing for a multi-color analysis specific to certain tempera-
ture ranges.

3. Conclusion

We established a concept that applies a combinatorial approach to
add significant functionality to the well-known material class of
polymer colloidal crystals. Mixed photonic systems described by
a quaternary phase diagram were assembled using a scalable and
efficient array-printing method. This allowed us to examine the
thermal response of numerous samples, which formed a solid
training set for our measurement evaluation. The sensor state
can be optically read out by digital photography using a standard
smartphone. The evaluation was performed using an artificial
neural network. Using only the photograph of a sample subjected
to isothermal heating, the model correctly predicts time and tem-
perature independently. Our concept can be readily transferred
to specific sensing applications comprising photonic structures
and integrating sensing capabilities. The case demonstrated here

Adv. Sci. 2023, 2205512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205512 (6 of 9)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202205512 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

115



www.advancedsciencenews.com www.advancedscience.com

Figure 6. Detailed prediction results for the validation images. a) Predictions for the first seven temperatures are very close to the true values. At higher
temperatures, the time predictions begin to deviate. b) Input images of five validation points from (a) with their corresponding predictions.

is particularly simple owing to the robust array fabrication pro-
cedure and the optical readout, which make this sensor useful
for non-expert users. Overall, we showed how the combination
of materials chemistry and advanced computational methods are
starting to enable a multiparametric analysis from complex col-
loidal systems.

4. Experimental Section
Materials: Methyl methacrylate (MMA), n-butyl acrylate (nBA), 3-

styrenesulfonic acid sodium salt hydrate (NaSS, 99%), and potassium per-
sulfate (KPS, 99%) were obtained from Sigma–Aldrich. Before further use,
both MMA and nBA were destabilized over Alox B. Water of MilliQ quality
was used throughout all experiments. Glass substrates were cleaned via
sonication in an aqueous 2 vol.% Helmanex III solution and in ethanol.

Particle Synthesis: Monodisperse particles were prepared via a
surfactant-free emulsion polymerization. 240 mL water were heated to 80
°C and degassed in a 250 mL three-necked flask for 75 min. While stir-

ring at 600 rpm, 19 mL of the respective monomer mixture were added,
together with 10 mg NaSS dissolved in 5 mL water. After 5 min, the poly-
merization was initiated by adding 200 mg KPS dissolved in 5 mL water.
The reaction was left to proceed overnight and terminated by exposure to
ambient oxygen. The different particle dispersions were each filtered over
a 125 μm mesh and otherwise used directly for preparing the binary and
ternary mixtures. The concentration of all dispersions was 5.7 ± 0.1 wt.%.

Self-Assembly via Array-Printing: The printing procedure was fully au-
tomated using an XYZ stage to ensure full reproducibility. A clean glass
substrate was placed on a hot-plate set to 70 °C. A spring-loaded, rounded
brass pin with a diameter of 5 mm was dipped into a dispersion and then
brought in contact with the substrate for a duration of 1 s. The pin was then
mechanically cleaned in a water bath and dried with a non-woven fabric.
The process then repeated with the next dispersion.

Characterization Methods: Microscopy images were obtained using a
laser scanning confocal microscope (Olympus, OLS5000) with a white
light source as well as a 405 nm laser with a 5×-magnification lens and
stitching of 7×18 images.

Scanning electron microscopy images were obtained with a Zeiss Leo
1530 (Carl Zeiss AG, Germany) at an operating voltage of 1 kV and both

Adv. Sci. 2023, 2205512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205512 (7 of 9)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202205512 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

116



www.advancedsciencenews.com www.advancedscience.com

Figure 7. Mean errors between predicted and correct time. The validation over the whole time–temperature regime allows estimating uncertainties
precisely. Lower temperatures show a smaller deviation from the correct value. For high predicted temperatures, the uncertainty increases.

in-lens as well as secondary electron detection after sputtering of 2 nm
platinum. Images, where a false-colored overlay was applied, are shown in
their original form in Figure S7 (Supporting Information).

UV–vis spectra of drop-cast suspensions were measured on an Olym-
pus IX71 inverted microscope with a 10× lens in reflection geometry and
a halogen light source. An OceanOptics USB4000 spectrometer was cou-
pled via fiber optics. In situ measurements were conducted using an In-
stec HCS622HV heating stage with a silver heating block set to 110 °C.
Samples were attached to the stage using double-sided carbon tape, and
the sample was heated to 98 ± 3 °C. Spectra were obtained at intervals of
2 s.

Differential scanning calorimetry was conducted using a TA Instru-
ments Discovery DSC 2500. The second of two heating cycles was used
for the evaluation. Samples were measured between 20 and 200 °C at 10
K min−1 and in a nitrogen atmosphere.

The hydrodynamic diameter was measured using diluted dispersions
with a Zetasizer (Malvern) with 175° backscattering geometry.

Image Acquisition and Feature Extraction: Each sample was placed on a
black-coated hot plate (PZ 28-2, Harry Gestigkeit GmbH). A full-spectrum
lamp (Walimex pro LED Niova 600 Plus Daylight) with a light diffuser illu-
minated the sample at an angle of 10° and a distance of 30 cm. A smart-
phone (Fairphone 3+) took photographs (ISO 100, 1/10647 s exposure
time) of the sample at an angle of 10° and a distance of 10 cm every 5 s,
stored in the WebP format. The full 3000×4000 pixel images were cut into
40 squares of 75×75 pixels at pre-defined positions. The cropped images
are available online.[41] For each square, the 5%, 10%, 15%, 20%, and 25%
pixels with the highest red value were used to determine five distinct mean
values used as the input for the ANN. Each input vector of length 200 was
standardized by z-score normalization using the mean and standard devi-
ation of the training set.

ANN Architecture: PyTorch[42] was used for the network creation and
we made the code available online.[43] To choose a suitable model struc-
ture, different architectures were compared. Details are in the Supporting
Information. The final machine learning approach encompasses two al-
most identical, sequential models for temperature and time. They consist
of an initial batch normalization layer and five hidden, linear layers each.

The hidden layers have node sizes of 8192, 2048, 2048, 2048, and 512,
respectively. Each hidden layer uses a leaky ReLU function[44] as its activa-
tion. After the final hidden layer, a dropout layer with a dropout probabil-
ity of 50% was introduced to improve generalization. For the temperature
module, the output layer was a softmax function creating a probability den-
sity for the nine temperature categories. For the time module, the output
layer was a final linear layer of size one.

Training Process: The time series images of eight samples per temper-
ature were labeled and used for training. The initial 2 min of each sam-
ple were discarded due to temperature equilibration (Figure S2, Support-
ing Information). Prior to training, the time labels were scaled by min–
max normalization with a minimum time of 2 min and a maximum of
122 min. Stochastic gradient descent was employed. Different hyperpa-
rameters were tested (Table S2, Supporting Information). The final model
was trained with a batch size of 32, a learning rate of 5×10−4, a Nesterov
momentum of 0.9 and a weight decay of 1×10−3. The loss function is
the sum of the cross-entropy loss for the temperature prediction and the
mean squared error for the time predictions. The training concluded af-
ter 20 epochs.

Statistical Analysis: The errors indicated for the predicted times are
mean deviations between the correct and predicted times of the validation
data. To determine those, predictions were grouped into the temperature
and time bins shown in Figure 7. For each bin, the mean absolute differ-
ence between the correct and predicted value is shown. The training set
consists of 94032 and the validation set of 23433 images. Preprocessing
of the photographs is explained in the subsection “Image Acquisition and
Feature Extraction” . The data and software are available online.[41,43]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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many
Email Address: markus.retsch@uni-bayreuth.de

Prof. H. Oberhofer
Department of Physics, Theoretical Physics VII, University of Bayreuth, Universitätsstr. 30,
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1 ANN Architecture

We compared five different model and chose the best one to be our final architecture (Tab. S1).

Full images The input for this model are the RGB images of our sensors instead of the average
red values. Multiple convolutional layers preceed the fully connected layers.

Single model Instead of splitting the model into parts dedicated to the temperature and time
prediction, we use the outputs of the second to last layer to one independent layer for time
and temperature, each.

Small model The number of nodes of this model is reduced to 1/16th of the final model.

Medium model The model architecture described in the main text.

Large model The number of nodes of this model is four times larger than that of the final model.

Table S1: Comparison between different network architectures. The final model is highlighted.

Model Traning loss Validation loss

Full images 1.38 1.62
Single model 1.45 1.48
Small model 1.52 1.54

Medium model 1.41 1.42
Large model 1.43 1.49

Table S2: Comparison between different training parameters. Shaded parameters are used to train our model.

Batch size Learning rate Momentum Weight decay Traning loss Validation loss

32 5× 10−4 0.7 1× 10−3 1.56 1.54
32 5× 10−4 0.98 1× 10−3 1.44 1.49
32 5× 10−4 0.9 1× 10−4 1.45 1.42
32 5× 10−4 0.9 5× 10−3 1.53 1.50
16 5× 10−4 0.9 1× 10−3 1.46 1.44
64 5× 10−4 0.9 1× 10−3 1.50 1.49
32 1× 10−4 0.9 1× 10−3 1.61 1.54
32 5× 10−4 0.9 1× 10−3 1.41 1.42
32 1× 10−3 0.9 1× 10−3 1.44 1.44
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2 Supporting Figures

Top 5% Top 10% Top 15% Top 20% Top 25%

(a) (b) (c)

(d) (e) (f)

Figure S1: Detection of mean red values for samples at different temperatures. (a–c) 125 ◦C, (d–f) 115 ◦C.
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Figure S2: Sample temperature on the hotplate. The true temperature was measured by a Pt-100 placed on top
of a glass substrate. (a) During the first two minutes (shaded area), the sample reaches thermal equilibrium. (b)
Due to the experimental setup, the sample temperature is lower than the setpoint of the hotplate.
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(a) (b)

(c)

Figure S3: Prediction results for the training data. (a) Temperature prediction. (b) Correlation between pre-
dicted and correct time. (c) Detailed view of time and temperature prediction.
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Figure S4: Prediction results with complete cooldown. The graph shows the applied temperature profile. Eval-
uation of the sensor after both heating steps shows is as expected. The sensors integrate the total time at the
elevated temperature.

Figure S5: Multiple heating events inside the operating range of the sensor. The sensor reports the highest de-
tected temperature and the corresponding heating time.
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Figure S6: Multiple heating steps with a small temperature difference. Our sensor shows the expected result af-
ter the first and second heating step. After the third heating step, the predicted time slightly increases.

Spot i Spot ii Spot iii

1 µm

Figure S7: Original SEM images of partially sintered colloidal crystals shown in Fig 2b–d.
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Microspectroscopy on Thin Films

of Colloidal Mixture Gradients for

Data-Driven Optimization of

Optical Properties

8

Marius Schöttle, Maximilian Theis, Tobias Lauster, Stephan Hauschild, and Markus
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Gradient colloidal assembly is a powerful fabrication tool that provides large amounts of data
from local measurements along a single sample. Here, an approach to characterize an optimal
scattering efficiency of thin films comprising binary colloidal mixtures is shown. A distinct
optimum can thereby be observed at the edge of the composition range.
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Thin films comprising mixtures of different colloids provide a simple
approach to materials with tunable optical properties. However, the prediction
of UV–vis spectra for different compositions in colloidal crystals and glasses
is difficult. The degree of disorder, for example, determines whether the
optical response is dominated by incoherent scattering, coherent scattering,
or Bragg diffraction. Both the volume ratio, as well as the morphology of the
individual constituents, influence the properties of the ensemble, which
necessitates extensive screening procedures. Here, a method for expediting
such a screening approach by means of gradient colloidal crystals and glasses
is shown. Continuous composition gradients, combined with local
microspectroscopy, allow for the characterization of the entire composition
range with high reproducibility, thereby reducing the experimental effort. This
is shown for a system of spherical polymer particles with different radii. An
optimum of the scattering efficiency in the visible wavelength range is shown
close to the order/disorder transition at the edge of the composition range.
The high-throughput screening method presented here can generate large
data sets that may contribute to machine-learning-enabled optimization of
self-assembled optical materials.
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1. Introduction

The optical properties of non-absorbing,
homogeneous bulk materials are intrinsic
to the specific compound and provide lit-
tle freedom for adjustment. Assemblies of
colloidal microparticles, however, feature a
high interface density and non-continuous
refractive index (RI). This opens a variety
of possibilities for engineered light-matter
interactions. An especially interesting case
is thin, particulate films, which lie in an
intermediate regime between ballistic light
transport and the opaque whiteness caused
by multiple scattering.[1] These films play
an important role in elementary applica-
tions such as paint or paper, as well as in
coatings for electronics, solar cells, and ra-
diative cooling.[2–4] The most common pa-
rameters governing the optical properties
are the size, shape, and RI of the single par-
ticles, as well as the superordinate struc-
ture and filling fraction.[5,6] Inspiration can
be found, for example, in the pronounced

white appearance of highly scattering thin films in some beetle
scales and butterfly wings.[1,7,8] Biomimetic approaches to effi-
cient scattering have been presented in the form of porous struc-
tures built from silica or cellulose-based colloids.[9,10] Both shape
anisotropy, as well as optimized Mie scattering are effective pa-
rameters, the latter providing the best results when the charac-
teristic size is approximately half the wavelength of the incident
light.[11] This morphological optimization allows the use of low-
RI (< 1.7) materials that could replace potentially harmful titania
nanoparticles.[12]

When using monodisperse, spherical colloids, various types
of photonic materials can be fabricated. Ordered colloidal crys-
tals, for example, exhibit a periodically changing refractive index.
Ballistic light transport and interference cause angle-dependent
structural colors.[13,14] However, if the strong immersion cap-
illary forces and concomitant dense packing can be prevented
during the assembly process, disordered colloidal glasses are
obtained.[15] Structural coloration via dispersive light diffusion
in such materials is attributed to Mie scattering of isomorphic
particles and short-range order.[16–18] Colloidal glasses provide a
versatile approach to tuning optical properties such as broad-
band reflectance or in anti-counterfeiting applications.[19–21] A

Adv. Optical Mater. 2023, 11, 2300095 2300095 (1 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

128



www.advancedsciencenews.com www.advopticalmat.de

simple route to these amorphous systems is the co-assembly
of two particle sizes from a bi-disperse suspension.[22] While
specific size ratios and compositions allow co-crystallization,[23]

most combinations induce disorder. Binary particle monolayers
have been prepared to determine optimum haze properties de-
pending on the composition of large and small particles as well
as the filling fraction.[24] These particle monolayers have also
been utilized to specifically examine the transition from an or-
dered monodisperse system to the disordered binary case.[25]

Spectroscopic analysis and simulations revealed the crossover
from collective diffraction to single-particle scattering. 3D as-
semblies have also been characterized regarding their photonic,
phononic, and thermal properties.[26,27] However, such screening
approaches are tedious due to the large number of samples that
must be prepared, especially if various combinations of different
particle types are examined.

An efficient approach for screening the optical properties of
colloidal materials has been shown for gold nanoparticles assem-
bled in the form of a particle-size gradient.[28,29] Local spectro-
scopic characterization thereby allows large data sets to be ob-
tained from a single sample. Continuous gradients in assem-
blies of microparticles are an emerging topic as well.[30–32] For
example, structural analysis of the order to disorder transition
has been shown via analytical ultracentrifugation.[33,34] However,
an efficient platform tailored toward screening the optical prop-
erties of colloidal crystals and glasses has not been shown. We re-
cently presented a method to gradient colloidal crystals via a mod-
ified vertical deposition method known as infusion-withdrawal
coating (IWC).[35,36] Now, we present a screening platform based
on leveraging the advantages of colloidal gradient compositions.
Thin films formed from binary colloidal mixtures with a gradual
composition gradient are examined via microspectroscopy. This
provides a thorough analysis of the optical properties over the
entire composition range. The large amount of UV–vis transmit-
tance spectra provided by each gradient sample allows extensive
data analysis. To directly correlate the optical transmittance with
a specific composition, we introduce an orthogonal calibration
technique based on two types of fluorescent tracer particles. Dif-
ferent combinations of relative particle diameters are shown to
provide adjustable degrees of disorder and, thereby, tailored light
scattering. We verify these results by additional measurements
of colloidal assemblies with pre-defined layer thicknesses via pat-
terned substrates. We find a markedly non-symmetric evolution
of the scattering efficiency with the particle composition, indica-
tive of an optimum scattering performance at the order-disorder
transition of the large colloidal spheres. Furthermore, we expect
this type of combinatorial sample preparation and characteriza-
tion to expedite current research regarding the optical properties
of particulate systems.

2. Results and Discussion

The system examined in this work is based on different
combinations of poly(methyl methacrylate-co-n-butyl acrylate)
(PMMA/nBA) particles. Four particle suspensions are prepared
via surfactant-free emulsion polymerization with hydrodynamic
diameters of 305, 282, 255, and 222 nm, respectively. Binary com-
binations of the largest particles with each of the three smaller

particles are fabricated via vertical deposition and characterized
regarding the respective transmittance in the visible wavelength
range. For the calibration of gradients, fluorescent tracers are pre-
pared from the pristine particles via post-synthesis staining and
added to the assemblies. Red fluorescent tracers are added to the
large particles, and blue tracers to the smaller particles. There-
fore, the ratio of red and blue fluorescence enables the accurate
calibration of the composition. In Figure 1, we will discuss the
optical properties of discrete (non-gradient) samples, and in Fig-
ure 2, the fluorescence-enabled calibration of gradient samples
is presented. For the sake of clarity, we will use the term ‘compo-
sition’ for the binary particle mixture, which coincides with the
ratio of red and blue fluorescent tracer particles.

For calibration reasons of the pursued methodology, we first
fabricated discrete samples via vertical deposition of binary
particle combinations on glass substrates (Figure 1). Each
combination of particles is characterized by the according size
ratio (Rs). As a proof of principle, samples consisting only of
large particles (Rs = 1.0) with different compositions of blue
and red tracers are also prepared (Figure 1a). The colloidal
crystals formed from these monodisperse suspensions exhibit
structural coloration and stop bands at approximately 600 nm.
Importantly, the addition of fluorescent tracers does not affect
the transmittance. The five spectra with different combinations
of blue and red tracers are nearly identical. Mixing particles with
similar diameters (Figure 1b, Rs = 0.9) also results in photonic
colloidal crystals, but the optical properties change with the
composition. The systems appear to accommodate the differ-
ence in particle size, retaining the periodic nature and allowing
co-crystallization. The mean lattice spacing is reduced when
adding smaller particles, and the color transitions from orange
to green while the stop band shifts from 600 to 550 nm. A size
ratio of 0.8 increases the level of disorder to the extent that binary
systems cannot co-crystallize but rather form amorphous en-
sembles (Figure 1c). Reflectance microscopy images show vivid
structural coloration only for the monodisperse samples but not
for the mixtures. A difference can also be observed regarding the
formation of micro-cracks. The density of cracks is much lower
in the amorphous samples, and the crack orientation is mainly
parallel to the coating direction. UV–vis absorbance spectra of
the mixtures are dominated by diffuse scattering, which in-
creases toward shorter wavelengths. An exception is the sample
with 75% large particles, which shows a broad peak at 550 nm
attributed to Mie scattering of the majority component. Similar
observations can be made for Rs = 0.7 (Figure 1d). The binary
mixtures are disordered, and the photonic glass peak of the 75%
sample is slightly broader and less pronounced than for Rs = 0.8.

Scanning electron microscopy (SEM) of assemblies with Rs
= 0.8 corroborate a periodicity of the monodisperse and an
isotropic, disordered structure of the mixed case. Fast Fourier
Transforms (FFT) of the images show a much more detailed
structure factor when one particle type is the majority (25 and
75% large particles) as compared to the 50:50 mixture (Figure 1e;
Figure S1, Supporting Information). This elucidates how dissim-
ilar amorphous compositions can be and why a thorough optical
characterization of the entire composition range is indispens-
able to fully understand the influence of disorder on the optical
transmission properties. The discrete samples do not provide
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Figure 1. Characterization of discrete samples of binary colloidal assemblies. a) UV–vis absorbance spectra and reflectance microscopy images of col-
loidal crystal thin films prepared from large particles with different compositions of added red and blue tracer particles. b–d) Analogous characterization
of binary systems with several different size ratios (Rs). The composition here corresponds both to the relative amount of large and small particles as
well as the relative amount of red and blue tracer particles. e) SEM images and corresponding Fast Fourier Transforms of the samples indicated in (c).
The scale bar in microscopy images is 100μ m.

enough information for the entire picture, which necessitates
the following use of gradient colloidal assembly as a suitable
screening platform.

Fully continuous composition gradients ranging between a
composition of zero to one can theoretically contain every pos-
sible binary combination of two particles. A broad screening of
this range, as well as a detailed examination of a specific section,
is possible and entails large data sets. Practically, these gradi-
ent samples are prepared via IWC, a dual syringe pump method
that is a modified version of vertical deposition (Figure S2a, Sup-
porting Information). The method used in this work does not
produce linear gradients (Figure S2b, Supporting Information),
which necessitates a post-fabrication correlation of the lateral po-
sition along the gradient and the corresponding composition.
Fluorescence labeling presents an elegant, orthogonal calibra-
tion method that relies on an optical signal and is, therefore,
non-invasive. Pristine PMMA/nBA particles are stained via a re-
versible swelling/diffusion mechanism (Figure 2a) with a solu-
tion of one of two different dyes (red and blue, Figure 2b; Fig-
ure S3, Supporting Information).[37] The resulting stained parti-
cles remain monodisperse, and self-assembly into colloidal crys-
tals proceeds unhindered (Figure S4, Supporting Information).
Since the size of the stained particles is identical to the pristine

ones, the tracers can be added at a total of 5 vol% without af-
fecting the assembly process. The reference samples in Figure 1
are used to verify this approach. Independently acquired fluores-
cence spectra show how the blue signal increases and the red
signal decreases as the composition changes (Figure 2c). The nor-
malized ratio of the red and blue fluorescence signals is shown
to correlate correctly with the applied composition (Figure 2d).
The coincidence of the spectrally determined and gravimetrically
controlled composition is a strong indication of the validity of
the calibration technique. This holds for both crystalline assem-
blies (Figure S5a,b, Supporting Information) as well as disor-
dered structures (Figure S5c,d, Supporting Information). An in-
fluence of the photonic properties on the fluorescence integral is
not observed. Additionally, both the red and blue absolute fluores-
cence signals are shown to have a linear thickness dependency.
This, in turn, ensures a thickness-independent determination of
the composition (Figure 2e; Figure S6, Supporting Information).

To showcase the gradient calibration, we prepared a sample
consisting only of large particles (Rs = 1.0) with a gradual change
in the composition of red and blue tracer particles. Several thou-
sand fluorescence microspectra are measured along the gradi-
ent, providing the red and blue fluorescence signal as a function
of position (Figure 2f,g). Pronounced oscillations can be seen in
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Figure 2. Workflow elucidating how fluorescent tracer particles are used as a calibration of the particle composition. a) Schematic showing the post-
synthesis staining. This provides tracer particles that can co-crystallize with the pristine particles and do not influence the colloidal crystal structure. b)
Photograph of the stained particle suspensions under UV light. c) Fluorescence spectra of the samples in Figure 1a showing how the red fluorescence
decreases and the blue fluorescence increases when the composition is changed. d) Corrected signal ratios showing a linear relation between fluorescence
signal and particle composition. e) Linear dependence of the red fluorescence integral with respect to the sample thickness. f,g) Position-dependent
fluorescence signals of a gradient colloidal crystal. h) Ratio of these fluorescence signals along the sample. This is used to correlate the position with
the respective composition. i) Reflectance microscopy image of the gradient sample with an overlay showing the thickness profile along the coating
direction. The thickness profile (white line) was measured via LSCM along the scratch shown at the top of the image, which was used as the reference
for the height determination. Oscillations in the profile are caused by meniscus pinning during the assembly process.

both, which elucidates why the information from just one dye
is not sufficient. The ratio of red and blue signals at each po-
sition (Figure 2h), however, provides a continuous signal with
very little noise. A calibration curve can now be obtained that ac-
curately maps the composition to the respective lateral position
(Figure S7, Supporting Information). The oscillations in the pure
red and blue curves can be explained by variations in the sample
thickness (Figure 2i). The height profile obtained via laser scan-
ning confocal microscopy (LSCM) along the gradient exhibits an
oscillating thickness that occurs due to meniscus pinning dur-
ing the coating process.[38] Fluorescence and thickness profiles

can be brought to a convincing overlap to verify this assumption
(Figure S8, Supporting Information).

Besides the oscillations observed in the height profile, inho-
mogeneities on smaller length scales in the form of micro-cracks
also play a role in colloidal systems. Transmittance microspec-
troscopy along a colloidal crystal shows the influence that these
defects impose on the optical measurements (Figure 3a–c).
While the stop band position and dip remain fairly constant,
the baseline oscillates ± 12%. This is caused by wavelength-
independent scattering at the edges of crystalline domains,
which arise during the drying process.[39] For further analysis,
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Figure 3. Characterization of micro-cracks in colloidal crystals and glasses. a) Transmission microscopy image of a non-gradient colloidal crystal. The
white square indicates the spot size of microspectroscopy (determined in Figure S9, Supporting Information), and the shaded area shows the measured
path. b) Spectra measured along this path. c) Scatter plot of the average transmittance of these spectra in the visible range with respect to the position.
d) Equidistant reflectance microscopy images of a gradient sample transitioning between a colloidal glass and crystal. The arrow indicates the coating
direction, which corresponds to 𝜃 = 0°. The gradient comprises a composition range of 0.85–0.95 with two particle types that have a size ratio of 0.8.
The exemplary images shown here correspond to compositions of i) 0.86, ii) 0.90, iii) 0.93, and iv) 0.95, respectively. The difference in crack density and
orientation of the cracks with respect to the coating direction are analyzed by image thresholding and a ridge detection algorithm. e) Distribution of the
crack orientations in four evenly spaced regions along the sample. f) Crack density of all images correlated with the respective composition that was
determined via the fluorescence-based calibration. The sigmoidal fit (orange) shows a gradual decrease of the crack density between compositions of
0.93 - 0.88 as the sample transitions from crystalline to amorphous.

the average transmittance over the visible range (T) is plotted
versus the position. This value fluctuates ± 10% with a fre-
quency that fits well to the crack density. As it is obvious that
the micro-cracks have a significant influence regarding the local
optical characterization, we examined potential differences that
occur regarding crack formation in colloidal crystals and glasses,
respectively. Therefore, a gradient sample is prepared that specif-
ically targets the transition region between order and disorder,
which for Rs = 0.8 is found between 85% and 95% large parti-
cles. The gradient allows extensive analysis, and more than 60
positions are examined with reflectance microscopy (Figure 3d).

Each position can be mapped to the respective composition
via calibration with the fluorescent tracer particles. Image analy-
sis and crack characterization (Figure S10, Supporting Informa-
tion) proceed with respect to both the crack density as well as the
orientation of cracks. Equidistant positions show a gradual tran-
sition from the colloidal glasses with cracks exclusively parallel
to the coating direction to more randomly distributed cracks in
the crystalline case (Figure 3e). Simultaneously, the crack density
increases by a factor of 5. It does so gradually, in a composition
range between 0.88 and 0.93 (Figure 3f). Evaporation-induced as-
sembly involves shrinkage upon drying. It thereby induces in-

plane stress, which, when the tensile strength is surpassed, dissi-
pates via crack formation.[40,41] For most close-packed examples,
these fractures occur along the 111 planes.[42] When transition-
ing to amorphous systems, however, no facets exist that facili-
tate crack propagation. Additionally, we expect a non-close packed
system with a filling fraction <0.74 to enable local dissipation
via reorganization. The fact that cracks parallel to the coating di-
rection are most frequent in the crystalline case and dominate
in the amorphous case is due to the most stress being devel-
oped parallel to the meniscus. This effectively tears the domains
apart.[43] Besides enabling the analysis of the crack formation,
the microscopy images of this gradient sample present a library
of colors (Figure S11, Supporting Information) that are accessi-
ble simply by mixing the two particle types. In order to exam-
ine these optical properties in more detail, transmission UV–vis
spectroscopy is performed along several gradient samples.

We start this gradient optical analysis with an assembly of
monodisperse large particles (Rs = 1.0) with a gradient in the
composition of added red and blue tracer particles. For example:
a composition of 0.0 indicates 0% red particles and 100% blue
particles. Several thousand transmittance spectra are obtained
along this gradient and correlated both with the composition via
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Figure 4. Microspectroscopic characterization of crystalline gradients. a) All transmittance spectra obtained along the coating direction of a sample
consisting entirely of large particles with a gradient of the composition of red and blue tracer particles. The baseline shows strong oscillations due to
scattering at micro-cracks and a modulated thickness. b) Average transmittance of all the spectra in (a), along with a first-order Savitzky–Golay filter in
orange. By excluding all data that does not lie inside a 2% margin of the filter, only spectra from comparable positions along the sample remain. As
shown in c), these consequently overlap very well. d,e) Filtered spectra obtained from two gradient samples consisting of two particles with a size ratio
of 0.9 that show co-crystallization over the entire composition range. Only two samples are needed to cover the majority of this range and, as shown in
f), allow a determination of the stop band position with respect to the composition.

fluorescence analysis as well as with the thickness obtained from
LSCM. The spectra show strong fluctuations of the baseline
(Figure 4a). Oscillations of the sample thickness, as well as the
formation of micro-cracks, both have an impact on the local
optical properties and result in this scattering of ±25%. The
unwanted noise makes a comparison of adjacent measurement
spots difficult. However, both the thickness oscillation as well as
the crack formation occur at high but distinct spatial frequencies
(see FFT in Figure S12, Supporting Information) compared to
the gradual change in composition, which is stretched over the
entire sample. A standard procedure to eliminate unwanted,
high-frequency noise is the use of the Savitzky–Golay filtering
algorithm.[44] The average transmittance is plotted as a function
of the composition, which shows substantial noise (Figure 4b).
The filter shown in orange is applied and remains at a constant
value of approximately 60% over the entire composition range.
Spectra that do not lie in a 2% margin of the filter profile are now
excluded from further analysis. The remaining, filtered spectra
overlap and do not exhibit these baseline fluctuations (Figure 4c).
This elucidates how spectra are obtained with a similar influence
of the micro-cracks and allows a more reasonable comparison
of spectra along the sample. We applied this data filtering proce-
dure to two gradient samples prepared from particles with Rs =
0.9, which together span almost the entire range of compositions
(Figure 4d,e; Figures S13 and S14, Supporting Information).
The filtered spectra show a gradual shift of the stop band toward
shorter wavelengths as more of the small particles are present in
the ensemble. Figure 4f shows the combined stop band position

with respect to the composition, which ranges between 560 and
595 nm. The data sets from the two samples converge and prove
that co-crystallization of the two particles is indeed possible
over the entire range. This information would require countless
discrete samples but using the gradient colloidal assembly, only
two experiments are necessary.

Next, gradient samples, transitioning from crystalline to
amorphous regions, are examined. Figure 5 shows the average
transmittance, the filtering approach, and the filtered spectra
for gradient colloidal assemblies with Rs = 0.8 (For raw data:
see Figures S15–S17, Supporting Information). For most of
the composition range, the average transmittance decreases
monotonously with an increasing amount of large particles (Fig-
ure 5a–d). The origin of this trend becomes clear when observing
the corresponding spectra. While diffuse scattering persists in
all cases, the effect of Mie scattering of large particles becomes
increasingly more visible as a shoulder that shifts toward longer
wavelengths. A greater part of the visible spectrum is thereby
affected by the material, and ballistic transport through the
sample is minimized. This increase in the scattering efficiency
progresses until a composition is reached where the system
is capable of compensating for the defects and crystallizes. In
Figure 5e,f, results are shown for a sample specifically prepared
to target this order-to-disorder transition. Between compositions
of 0.85 and 0.95, the stop band originating from the periodic
crystalline structure evolves. Simultaneously, the baseline moves
to substantially higher transmittance values. This is especially
pronounced at shorter wavelengths, as the transition from
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Figure 5. Microspectroscopic characterization of gradient samples ranging between crystalline and amorphous colloidal assemblies with a size ratio
of Rs = 0.8. a) Average transmittance along the sample and b) filtered spectra. The shoulder in the spectra shifts to higher wavelengths as the amount
of large particles increases, which explains the downward trend in (a). This trend persists when extending the composition range in (c) and (d). e,f)
A sample designed to target the transition from order to disorder exhibits an increasing average transmittance as the composition approaches 1. The
spectra show that this originates from less scattering at smaller wavelengths concomitant with the ballistic rather than diffusive light transport as the
stop band begins to evolve.

diffusive to ballistic light transport reduces the number of scat-
tered photons in this spectral range the most. The results show
that an optimum of the scattering capability is found at a compo-
sition of approximately 0.9 for binary mixtures with Rs = 0.8. At
this composition, a maximum of large particles are present, with
enough small particles in the mixture to induce disorder. A corre-
lation between the defect concentration caused by polydispersity
and the reduction of the stop band intensity stands in accordance
with results published for discrete samples.[45] The transition
region observed via spectroscopy overlaps with the region ob-
served in Figure 3f for the change of the micro-crack density.
This stands to reason since both are attributed to an evolving
crystallinity.

Gradient colloidal assemblies with a greater difference in par-
ticle size (Rs = 0.7) show a similar trend. An increasing amount
of large particles results in more scattering over the entire visible
spectrum and a monotonously decreasing average transmittance
(Figures S18–S21, Supporting Information). However, even at
a composition of 0.95, no stop band can be observed. The in-
creased difference of the diameters compared to Rs = 0.8 causes
greater disruption of the periodic structure, which cannot be ac-
commodated as easily. Even minute addition of small particles
hinders the crystallization of the large particles. Measuring be-
yond a composition of 0.95 is not possible on these samples due
to macroscopic defects that compromise the structure at the be-
ginning of the coating process. Additionally, another difference
between crystalline and amorphous assembly can be found when
observing the overall trend of the film thickness (Figure S22, Sup-
porting Information). While purely crystalline or purely amor-
phous samples show a reasonably constant thickness (exclud-

ing the oscillations caused by meniscus pinning), this is not the
case for the transition regime. Even though all external param-
eters, such as particle concentration, coating speed, and humid-
ity, are constant, ordered assemblies from a monodisperse sus-
pension result in considerably lower thicknesses compared to
the bidisperse, amorphous case. Therefore, samples ranging be-
tween crystalline and amorphous show an overall trend in the
film thickness. This must be taken into account, as the transmit-
tance of light-scattering materials shows a pronounced thickness
dependency.[5] We, therefore, confirm our findings based on the
gradient assemblies with a selection of discrete samples that ex-
hibit a defined film thickness.

The organization of colloids can be directed via topographically
patterned substrates.[46] Self-assembly in 1D micro-trenches, for
example, results in lines of colloidal crystals that exhibit a defined
width and height, as dictated by the substrate and the shape
of the meniscus.[47] Here we apply patterned, hydrophilized
poly(dimethyl siloxane) (PDMS) substrates to ensure unim-
peded optical transmittance. Colloidal crystals and glasses are
selectively deposited in the trenches via vertical deposition from
(mixed) suspensions (Figure 6a). Height profiles of both the
empty trenches and the coated substrate (Figure 6b) indicate how
the colloidal assembly proceeds in lines with 30 μm width and a
height of 14 μm. Reflectance light microscopy and SEM images
of monodisperse particles assembled in the trenches show struc-
tural coloration and the hexagonal structure of colloidal crystals
(Figure 6c,d). This is the case for both small and large particles
(Figure S24, Supporting Information). Analogous images are
presented for an amorphous assembly (Figure 6e,f). Besides the
more vivid structural coloration of the crystalline samples, it also

Adv. Optical Mater. 2023, 11, 2300095 2300095 (7 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. Discrete colloidal assemblies in ridges of a topographically patterned substrate. a) 3D reconstructed images obtained via laser scanning
confocal microscopy of an empty PDMS substrate (front) and a coated sample (back) (Separate data in Figure S23, Supporting Information). The orange
and red cross sections indicate where the height profile shown in b) was evaluated. A height profile with x- and y-axis to scale is shown in Figure S26
(Supporting Information). c,d) Reflectance microscopy and scanning electron microscopy of the top surface of monodisperse particles assembled to
colloidal crystals inside the micro-ridges. The arrow indicates the direction of the path along which UV–vis spectra are measured later. e,f) Analogous
images for an amorphous mixture of large and small particles assembled on the substrate. g,h) Average transmittance obtained from discrete samples
consisting of mixtures of particles with size ratios of 0.8 and 0.7. Each point is the mean value obtained from the UV–vis transmittance spectra measured
in five consecutive ridges. Details regarding the measurement are shown in Figure S25 (Supporting Information). The grey lines are guides to the eye.

becomes obvious that amorphous assembly proceeds with little
or no crack formation compared to the ordered case.

UV–vis transmission microspectroscopy of these samples is
performed by slowly moving perpendicular to the trenches while
acquiring spectra. In five consecutive trenches, a spectrum is cho-
sen in the middle of each trench. This is possible by examining
the position-dependent average transmittance which plateaus in
this region (Figure S25, Supporting Information). This is done
for several samples over the entire composition range for both
Rs = 0.8 and 0.7. The average transmittance of all spectra is
shown in Figure 6g,h. An analogous trend, as observed before
for the continuous gradients, can be seen. With an increasing
amount of large particles, the scattering efficiency increases, and
the average transmittance shows a downward trend. At the point
where self-assembly to crystalline structures is possible, ballis-
tic transport dominates, and the average transmittance increases

strongly. The agreement between the large data sets procured
from gradient colloidal assemblies with the measurements on
thickness-controlled, patterned substrates shows how the two ap-
proaches are complementary. Comprehensive optical characteri-
zation of several particle size ratios and compositions was thereby
possible, and the results were independently corroborated.

Since all measurements so far were conducted with a fairly
high numerical aperture (and, therefore, also a high accep-
tance angle), we also examined this parameter. Scans along
the gradient in Figure 5c,d (Rs = 0.8) were conducted with
different objectives and acceptance angles between 29° and 67°.
The mean transmittance of all three sets of microspectroscopy
measurements shows identical trends (Figure S27, Supporting
Information). A difference that can be seen, is that the measured
transmittance is greater with a higher numerical aperture. This
directly correlates with the higher acceptance angle, which,

Adv. Optical Mater. 2023, 11, 2300095 2300095 (8 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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consequently, results in the detection of more scattered photons.
Since the shape of the profile and the position of the minimum
does not change when switching objectives, the assertions made
in the previous sections hold true in this spectral range.

Finally, we performed a set of measurements to showcase
the versatility of this approach and to touch on the possibili-
ties opened by the optical screening platform. Machine learning-
enabled prediction of structural color based on the specific ge-
ometry of dielectric arrays is becoming an important tool in the
materials science community.[48] While in some cases, the train-
ing data can be obtained via simulations, other approaches re-
quire measured data. These data sets can become quite exten-
sive, as was shown for the correlation of color and absorption
spectra.[49] A set of images and spectroscopy data was used to
train an artificial neural network and predict one from the other
for a range of complex mixed oxides. This type of data structure
can be obtained analogously with our gradient approach for the
optical properties of binary colloidal mixtures. To increase the
amount of information and allow a more complete characteriza-
tion, both transmittance as well as reflectance microspectra and
spectroscopy images were evaluated along a sample. A gradient
with (Rs = 0.8), transitioning between order and disorder, was
characterized this way (Figures S28– S31, Supporting Informa-
tion). A qualitative evaluation of the data shows that both in re-
flection as well as transmission, the stop band begins to evolve
between 88% and 92% large particles. For the reflectance mea-
surements, this occurs earlier, which we attribute to a higher de-
gree of order near the surface, masking a more disordered re-
gion underneath. While some pre-processing, such as filtering, is
necessary, the output is a large number of correlated spectra and
microscopy images. We expect that this approach will allow data-
driven studies (i.e., machine learning) for tailored optical proper-
ties in complex systems of particle mixtures in the future.

3. Conclusion

We presented an integrated screening platform for the optical
properties of binary colloidal mixtures. Thin films with a gradi-
ent of the particle composition were prepared. Fluorescent tracer
particles were used as an orthogonal and non-invasive calibra-
tion routine to reveal the local particle composition with high
lateral resolution. Mixing particles with a size ratio of Rs = 0.9
allowed co-crystallization over the entire composition range and
showed a gradually shifting stop band. At Rs = 0.8, diffuse scatter-
ing dominated most parts of the particle composition, and light
scattering proved to be most efficient when 90% large particles
were present. A detailed examination of the transition regime be-
tween order and disorder was possible and elucidated the change
from diffusive to ballistic light transport, which previously had
been shown for a few discrete samples.[25,50] Further increase of
the size difference at Rs = 0.7 induced disorder and pronounced
light scattering even at minute addition of small particles. Finally,
these results were verified by measuring transmittance spectra
of discrete samples prepared with a defined thickness which was
ensured via assembly on patterned substrates.

We expect this screening approach to go beyond the particle
system presented here. Various mixtures are conceivable, such as
organic/inorganic, spherical/anisotropic, or hollow/solid. This
can be coupled with an evaluation of the respective structure fac-

tor via, reconstruction, scattering or simulations, and then allow
theoretical studies of the optical properties.[51–54] Since measure-
ments in the UV–vis, as well as the IR-range, can be performed
locally, this will allow efficient screening of optimized colloidal
materials for, for example, radiative cooling applications.[55–57] In
a more general sense, obtaining large data sets is becoming in-
creasingly important. Advanced analysis methods such as ma-
chine learning or Bayesian statistics are rapidly being improved
and introduced into the field of materials science.[58] These rely
on copious amounts of data which, in most cases, must be pro-
vided experimentally. Efficient screening techniques like the one
presented in this work are, therefore, crucial to meet this require-
ment for implementing novel, data-driven analyses.

4. Experimental Section
Materials: Water used in this work was of Millipore quality. Methyl

methacrylate (MMA 99%), n-butyl acrylate (nBA, 99%), sodium styrene
sulfonate (NaSS, 99.99%), potassium persulfate (KPS, 99.99%), Nile red
(NR), and Coumarin 1 (C1) were obtained from Sigma Aldrich. Chloro-
form was obtained from VWR. Poly(dimethyl siloxane) (PDMS) elastomer
(SYLGARD 184) was obtained from Dow Corning.

Polymer Latex Synthesis: A 250 mL three-necked flask equipped with a
reflux condenser and septa was loaded with 240 mL water and degassed
for 75 min under a constant nitrogen stream at 80°C and 650 rpm stirring
speed. With 5 min of homogenization time between each addition, the
following reactants are added: 1) 7, 10, 13, or 16 mL of a 90:10 mixture of
MMA/nBA, 2) 10 mg NaSS in 5 mL water, 3) 200 mg KPS in 5 mL water.
The reaction was then allowed to proceed for 120 min before termination
with ambient oxygen.

Particle Staining: Particle suspensions were diluted to 1.5wt% and 50
mL are stirred at 600 rpm. 5mg of either NR or C1 were dissolved in 1.5
mL chloroform and added dropwise. Stirring proceeds in a closed con-
tainer for 24 h to allow swelling and diffusion of the dye. Subsequently,
the lid was opened, and stirring was continued for 72 h to slowly remove
the chloroform via diffusion and evaporation.[59] Finally, the suspensions
were passed through a 5 μm syringe filter.

Assembly of Discrete Samples: Vertical deposition of discrete samples
proceeded in a climate chamber set to 25°C and 75% relative humidity.
Hellmanex III and plasma-cleaned glass substrates were dipped into par-
ticle suspensions of 1.0wt% that are stirred at 50 rpm. The substrate was
then pulled out of the suspension at 0.25 μm s−1.

Assembly of Gradient Samples: Gradient fabrication via infusion-
withdrawal coating was done analogously to the discrete substrates except
for the addition of two syringe pumps. The glass substrate was dipped into
a suspension of one particle type with 1.0wt% and two cannulas attached
to syringes were added to the system. One syringe pump extracts the sus-
pension at 0.60 mL h−1, the other infuses a suspension of a second parti-
cle type with 0.79wt% at 0.76 mL h−1. The difference between the infusion
and withdrawal speed was adjusted to account for the evaporation of wa-
ter which was determined to be 0.16 mL h−1. Thereby, both the water level
as well as the particle concentration remain constant.

Assembly on Patterned Substrates: Masters for the patterned sub-
strates were prepared via photo-lithography of SU8 resin on a silicon wafer
by way of spin coating, soft bake, exposure at 365 nm (MaskAligner MJB4
by SUSS Microtec), post-exposure bake, development and hard bake. The
two-component PDMS was cast on the wafer. Air bubbles were removed
via vacuum treatment, and curing subsequently proceeded for 2h at 90°C.
The PDMS substrates were then cut into 3×1cm pieces, hydrophilized in
oxygen plasma for 5 s and immediately thereafter coated via vertical de-
position, analogously to the flat substrates. The trenches were oriented
parallel to the coating direction.

Microspectroscopy: Measurements proceed on an Olympus IX71 in-
verted microscope with a 40x Lens (N.A. 0.55). An OceanOptics USB4000
spectrometer was coupled via fiber optics. UV–vis spectra were obtained

Adv. Optical Mater. 2023, 11, 2300095 2300095 (9 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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in transmission geometry with a halogen light source. The integration time
was set to 100 ms. Fluorescence spectroscopy was performed on the same
setup with a mercury vapor lamp in reflection geometry. For the red fluo-
rescence, a Chroma 49004 ET Cy3 filter cube was used, allowing excitation
between 530 and 560 nm and emission detection between 570 and 640
nm. The integration time was set to 10 ms, and 10 spectra were measured
for averaging. For the blue fluorescence, a Chroma 49000 ET DAPI filter
cube was used, allowing excitation between 325 and 375 nm and emis-
sion detection between 435 and 485 nm. The integration time was set to
100 ms. Gradient samples were moved at 100 μm s−1 with a motorized
μm-stage while measuring. The sample was moved along the same path
three times, to allow UV–vis and the two fluorescence measurements at
analogous positions. UV–vis spectra along the patterned substrates are
obtained analogously, but while moving at a speed of 5 μm s−1.

Dynamic Light Scattering: Diluted dispersions were measured with a
Zetasizer (Malvern) with 173° backscattering geometry.

Laser Scanning Confocal Microscopy: 2D color images and 3D recon-
structions were obtained using a laser scanning microscope (Olympus,
LEXT). High-magnification images were taken using a 50x lens (N.A.
0.95). Overview images were obtained by stitching images with a 5x lens
(N.A. 0.15).

Scanning Electron Microscopy: Images were obtained with a Zeiss Leo
1530 (Carl Zeiss AG, Germany) at an operating voltage of 3 kV with in-lens
detection after sputtering 2 nm platinum.

Data Analysis: The mean transmittance was determined from the UV–
vis spectra by averaging the transmittance values between 450 and 700
nm. This was done for each spectrum and correlated with the respective
position via the speed of the motorized stage and the time at which the
spectrum was acquired. A correlation with the thickness at each position
was thereby possible, and only spectra acquired in a specific range of thick-
nesses were examined (see Figures S13– S21, Supporting Information).
A first-order Savitzky-Golay filter with a window length of approximately
a third of the amount of spectra was applied, and for later characteriza-
tion, only spectra that were in a range ± 2% of this filter were used for
further characterization.

For both UV–vis as well as fluorescence spectroscopy, the integration
time and number of spectra for averaging were adjusted so that the total
time per acquired spectrum was always 100 ms, and measurement spots
coincided. The blue fluorescence was integrated between 420 and 490 nm
and the red fluorescence between 560 and 650 nm. Before each measure-
ment, a sample comprising a 50:50 mixture of red and blue particles was
measured as a reference. The ratio of the red and blue integral was used
as a correction factor for the ratios determined from gradient samples.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1: Radial intensity distribution of the FFTs generated from SEM images of binary colloidal assemblies
with Rs = 0.8.
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Figure S2: a) Infusion-withdrawal coating setup. A substrate is dipped into a colloidal suspension and coated by
slowly moving it upwards. Simultaneously, the composition in the particle suspension is changed by infusing a
different suspension while extracting at the same rate. This time-dependent composition change translates to a
positional dependency along the gradient thin-film. b) Calculated change of the particle composition in the sus-
pension over time at different pumping rates.

Figure S3: a) Pristine and stained colloidal suspensions under ambient and UV-light, respectively. b) The two
dyes used in the swelling/diffusion procedure.
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Figure S4: Colloidal crystal prepared via assembly of a 50:50 mixture of blue and red-stained particles.
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Figure S5: a)-d) Results of the fluorescence calibration for the four different types of combinations with different
size ratio (Rs). For each combination, five different compositions are applied between 0-100%. The ratio of the
red and blue fluorescence is shown to correlate perfectly with the known, input-composition. This proves that lo-
cal fluorescence spectroscopy can be utilized to non-invasively determine an unknown composition at any position
of a sample.
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Figure S6: Measurement of samples with a 50:50 mixture of red and blue particles. a),b) Absolute integral of the
fluorescence signal with respect to the sample thickness for both the red and blue channel, respectively. c) Ratio
of red and blue fluorescence shows that the calibration provides consistent results over the entire examined thick-
ness range.

Figure S7: Composition vs. position along a gradient colloidal crystal with a second order polynomial fit (orange)
and the chosen borders of the evaluation range. This curve is used to map the particle composition to the posi-
tion, and thereby to the transmission spectra at these positions.

Figure S8: a) Height profile and cumulative (red + blue) fluorescence signal along a gradient colloidal crystal.
Due to slight misalignment of the two measurements, a correction factor must be applied before the overlap is
ideal. b) Corrected profiles showing a minimum of the difference plot.
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Figure S9: a) Snapshots of a mask being moved along the microscope stage vertically. b) Average transmittance
during this movement, showing how the light is blocked entirely in a range of 10 µm. c),d) Analogous evaluation
in horizontal direction.

Figure S10: Exemplary microscopy images together with masks of the cracks obtained via thresholding and a
ridge-detection algorithm. [Thorsten Wagner, Mark Hiner, & xraynaud. (2017). thorstenwagner/ij-ridgedetection:
Ridge Detection 1.4.0 (v1.4.0). Zenodo. https://doi.org/10.5281/zenodo.845874]
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Figure S11: All microscopy images obtained along the gradient sample transitioning between order and disorder.
The color gradually changes with the composition. Images are ordered left to right and top to bottom.
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Figure S12: FFTs of a) the height-profile in Figure 2i and b) the average transmittance along the cracks in a col-
loidal crystal in Figure 3c.

Figure S13: Raw data obtained from a sample starting with 282 nm with a gradually increasing amount of 305 nm
particles. a) Height profile with the ranges showing which part of the data was used for further analysis. b) Cali-
bration curve mapping the composition to the position. c) Scatter plot of all values of the average transmittance.
The orange curve shows a first order Savitzky-Golay filter. d) All transmittance spectra (unfiltered). e) Stitched
microscopy images showing the entire sample prepared via IWC.
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Figure S14: Raw data obtained from a sample starting with 305 nm with a gradually increasing amount of 282 nm
particles. a) Height profile with the ranges showing which part of the data was used for further analysis. b) Cali-
bration curve mapping the composition to the position. c) Scatter plot of all values of the average transmittance.
The orange curve shows a first order Savitzky-Golay filter. d) All transmittance spectra (unfiltered). e) Stitched
microscopy images showing the entire sample prepared via IWC.

Figure S15: Raw data obtained from a sample starting with 255 nm with a gradually increasing amount of 305 nm
particles. a) Calibration curve mapping the composition to the position. b) Height profile with the ranges showing
which part of the data was used for further analysis. c) All transmittance spectra (unfiltered). d) Stitched mi-
croscopy images showing the entire sample prepared via IWC.
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Figure S16: Raw data obtained from a sample starting with 305 nm with a gradually increasing amount of 255 nm
particles. a) Calibration curve mapping the composition to the position. b) Height profile with the ranges showing
which part of the data was used for further analysis. c) All transmittance spectra (unfiltered). d) Stitched mi-
croscopy images showing the entire sample prepared via IWC.

Figure S17: Raw data obtained from a sample starting with 305 nm with a gradually increasing amount of 255 nm
particles. A slower addition rate of small particles results in a sample that can provide a detailed analysis of this
specific composition range where the order-to-disorder transition takes place. a) Calibration curve mapping the
composition to the position. b) Height profile with the ranges showing which part of the data was used for further
analysis. c) All transmittance spectra (unfiltered). d) Stitched microscopy images showing the entire sample pre-
pared via IWC.
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Figure S18: Local spectroscopic characterization of gradient samples with a size ratio of Rs = 0.7. a) Average
transmittance along the sample and b) filtered spectra. The shoulder in the spectra shifts to higher wavelengths
as the amount of large particles increases, which explains the downward trend in a). This trend persists when
extending the composition range in c) and d) as well as when examining a smaller range in more detail in e) and
f).

Figure S19: Raw data obtained from a sample starting with 222 nm with a gradually increasing amount of 305 nm
particles. a) Calibration curve mapping the composition to the position. b) Height profile with the ranges showing
which part of the data was used for further analysis. c) All transmittance spectra (unfiltered). d) Stitched mi-
croscopy images showing the entire sample prepared via IWC.
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Figure S20: Raw data obtained from a sample starting with 305 nm with a gradually increasing amount of 222 nm
particles. a) Calibration curve mapping the composition to the position. b) Height profile with the ranges showing
which part of the data was used for further analysis. c) All transmittance spectra (unfiltered). d) Stitched mi-
croscopy images showing the entire sample prepared via IWC.

Figure S21: Raw data obtained from a sample starting with 305 nm with a gradually increasing amount of 222 nm
particles. A slower addition rate of small particles results in a sample that can provide a detailed analysis of this
specific composition range close to the order-to-disorder transition. a) Calibration curve mapping the composition
to the position. b) Height profile with the ranges showing which part of the data was used for further analysis.
c) All transmittance spectra (unfiltered). d) Stitched microscopy images showing the entire sample prepared via
IWC.
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Figure S22: a) Height profile of a sample that is crystalline over the entire range. b) Height profile of a sample
that is amorphous over the entire range. c) Height profile of a sample that gradually transitions from amorphous
to crystalline. The thickness shows a trend in the transition regime between crystalline and amorphous in c).

Figure S23: 3D reconstructed images obtained via laser scanning confocal microscopy of a) the empty, patterned
PDMS and b) a coated substrate.

Figure S24: Reflectance microscopy images of 305 nm particles assembled to a colloidal crystal in the PDMS
trenches.
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Figure S25: a) Average transmittance while measuring perpendicular to the trenches on a substrate coated with
monodisperse large particles in the trenches. The orange markers show which positions (and therefore which
spectra) were chosen for further analysis. b) The five spectra selected in (a). c),d) and e),f) show an analogous
evaluation for binary (amorphous) samples with a composition of 0.6 (60% large particles) and RS = 0.8 and 0.7
respectively. The markers are set at positions where the average transmittance plateaus. The evaluation is more
consistent for the amorphous samples, as these are not compromised by cracks.

Figure S26: Height profile of one single trench. Orange: empty, Red: filled with a colloidal glass. The scaling of
x-, and y-axis is identical in this plot and therefore shows the true geometry of a cross-section through the trench.
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Figure S27: a) Mean transmittance along the gradient that was presented in Figure 5c,d. Different objectives
are used to compare the effect of a varying acceptance angle. b),c) Representative spectra with obtained with all
three objectives, measured at the positions indicated in (a).
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Figure S28: Transmittance and reflectance spectra along the gradient presented in Figure 3. The size ratio of the
two particles here is 0.8 and the composition gradually changes between 0.85 and 0.95 (where 1.0 denotes 100%
large particles).

Figure S29: Exemplary microspectra and microscopy images in reflection (a) and transmission (b) geometry to
show the scale for all images in Figures S30 and S31.
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Figure S30: Reflectance and transmittance spectra as well as the according microscopy images along the gradient
measured in Figure S28. The thickness (in µm) is measured via LSCM along the scratch and the composition (of
large particles in %) is determined via local fluorescence measurements.
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Figure S31: Continued data from Figure S30.

18

157





A Continuous Gradient Colloidal

Glass
9

Marius Schöttle, Tobias Lauster, Lukas J. Römling, Nicolas Vogel, and Markus Retsch, „A
continuous gradient colloidal glass“, Advanced Materials, 2023, 35(7), 2208745.

50 µm

Cross-section

Continuous size gradient

Position [µm] Wavelength [nm]
4000

1
6

0
2

4
0

3
2

0

60060 800120

D
ia

m
e

te
r 

[n
m

]

R
e

fle
ct

a
n

ce

Photonic glass 

A controlled extraction emulsion process (CrEEP) allows the synthesis of monodisperse latex
particles with a continuous size gradient. Subsequent self-assembly into a photonic glass results in
a thin film with a continuous photonic gradient and structural colors ranging over the full visible
spectrum. This concept is shown to improve the broadband reflectance of such a mesostructure.
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PHOTONIC COLLOIDAL GLASS

Continuous gradients in self-assembled materials can provide functionality exceeding that of 
the homogenous case. In article number 2208745, Markus Retsch and co-workers present a 
synthesis method that provides gradient size distributions via a controlled extraction emulsion 
process (CrEEP). The high degree of control allows the fabrication of a continuous-gradient 
photonic glass with enhanced broadband reflectance.
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in photonic glasses (PGs).[8–10] These 
jammed packings of monodisperse, 
dielectric spheres show coherent scat-
tering due to Mie resonances and short-
range order.[11,12] Because of the isotropic 
nature, the resulting colors are angle-
independent.[13,14] Particle size and mor-
phology, such as core-shell and hollow 
sphere structures, have been shown to 
influence the optical properties and pro-
vide tunable scattering and broadband 
reflectance of PGs.[15–19] Recently, aniso-
tropic particles have also been shown to be 
useful for the adjustment of the scattering 
properties of the ensembles.[20,21]

Hierarchical structural design can 
introduce further complexity to particu-
late system.[22] For example, multilayer 
PC films with a cross-plane, stepwise 
change of the lattice constant show prop-

erties not found in single-component systems. These range 
from broadband reflectivity[23] to angular selectivity.[24] How-
ever, fabrication methods are often tedious and typically apply 
physical vapor deposition or repetitive colloidal assembly.[25,26] 
Without precise optimization, the latter can suffer from deg-
radation of preformed layers and delamination. Further issues 
include incoherent light scattering at the interfaces and small 
sample sizes.

Despite the intense research on photonic crystals and glasses, 
one major category of colloidal mesostructure has received sur-
prisingly little attention: continuous gradient structures. Con-
tinuous gradients in colloidal assemblies is an emerging topic, 
with few examples and approaches being reported in literature. 
Gradual changes, e.g., in the interparticle distance or compo-
sition can be formed via centrifugation,[27,28] post-assembly 
deformation[29] or modified coating procedures.[30,31] From a 
fundamental point of view, a better physical understanding of 
photonic materials with gradually changing properties needs 
to be developed and compared to experimental results.[32–34] To 
our knowledge, no experimental realization of a photonic col-
loidal assembly with a continuous particle size gradient has 
been presented to date. To achieve such a structure, two major 
challenges need to be addressed: First, particle dispersions with 
precise control of size and a continuous size variation need to 
be reliably available. Second, self-assembly must retain, not 
mix, the particle size gradient and immobilize the particles 
gradually in the colloidal ensemble.

Here, we provide a solution to both challenges that conceiv-
ably can also be applied to other (functional) particles. This gen-
eral approach to continuous gradient colloidal glasses will add a 
missing piece to the field of colloidal mesostructures and opens 
a new field for photonic engineering and beyond. At the heart 

Colloidal crystals and glasses manipulate light propagation depending on 
their chemical composition, particle morphology, and mesoscopic structure. 
This light–matter interaction has been intensely investigated, but a knowl-
edge gap remains for mesostructures comprising a continuous property 
gradient of the constituting particles. Here, a general synthetic approach 
to bottom-up fabrication of continuous size gradient colloidal ensembles is 
introduced. First, the technique synthesizes a dispersion with a specifically 
designed gradual particle size distribution. Second, self-assembly of this dis-
persion yields a photonic colloidal glass with a continuous size gradient from 
top to bottom. Local and bulk characterization methods are used to highlight 
the significant potential of this mesostructure, resulting in vivid structural 
colors along, and in superior light scattering across the gradient. The process 
describes a general pathway to mesoscopic gradients. It can expectedly be 
transferred to a variety of other particle-based systems where continuous 
gradients will provide novel physical insights and functionalities.

ReseaRch aRticle
 

1. Introduction

Structured materials show perceptible photonic properties 
when the characteristic length scale is similar to the wavelength 
of visible light. The interaction of photons with a periodically 
changing refractive index (n) in photonic crystals (PCs) creates a 
dispersion relation with wave-vector dependent gaps analogous 
to that of electrons in semiconductors.[1] These stop bands are 
the cause of characteristic, iridescent structural colors.[2] From 
sensors to optical metamaterials, increasingly complex struc-
tures allow tailoring of these properties.[3,4] However, many are 
only accessible via simulations or in the microwave range,[5,6] 
others are limited to high-n materials.[7]

Complementary to the phenomenon of ballistic light trans-
port in ordered structures is the dispersive light diffusion 

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly 
cited.
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of our work is a controlled emulsion extraction process (CrEEP) 
that enables us to store the time-dependent size increase of 
monodisperse latex particles in a thin extraction tube, where 
laminar flow prevails. Subsequent filtration assembly trans-
lates the gradient dispersion into a film with a fully continuous, 
cross-plane gradient of the particle size. First, we present the 
synthesis method and then show the characteristics of the 3D 
self-assembled colloidal gradient material.

2. Results and Discussion

Surfactant-free emulsion polymerization is an established 
method for the preparation of monodisperse latex particle sus-
pensions.[35,36] Further control can be obtained via a semibatch 
process by first preparing seed particles that then increase 
in size when more monomer is added.[37,38] In our CrEEP-
approach (Figures S1 and S2, Supporting Information), the 
monomer is added gradually, and the growing particle suspen-
sion is simultaneously extracted into a thin tube. The resulting 
time-dependent change of the particle diameter is thereby 
stored in the extraction tube and turned into a positional 
dependency. Slow extraction and the small diameter of the tube 
provide controlled laminar flow. To verify the controlled nature 
of this process, we show that the reaction rate of the emulsion 
polymerization is fast compared the rate of monomer addi-
tion by evaluating the kinetics of the particle growth during 
seed synthesis (Figure S3, Supporting information). Mixing is 
further inhibited by fractionation via the injection of air bub-
bles as separators inside the tube. Thereby the monodisperse 
nature inherent to the emulsion polymerization is maintained. 
Analogous experiments without injection of air result in a 
slightly less ordered assembly (Figure S4, Supporting informa-
tion). The air bubbles have the additional benefit of quenching 
the remaining initiator molecules with ambient oxygen, inhib-
iting any further polymerization. The fact that the continuous 
particle growth and extraction take place in the same reactor 
as the seed synthesis ensures reproducible starting condi-
tions. Combined with the slow monomer addition, this results 
in a highly controlled reaction. Ultimately, a large number of 
equidistant fractions (in this case 110) are retained in the tube 
(Figure  1a). We examine every 10th fraction via dynamic light 
scattering (DLS) and correlate it to the respective reaction time 
during the extraction process (Figure 1b,c). We observe a near-
linear increase of the hydrodynamic particle diameter and a low 
polydispersity throughout the synthesis. Both confirm the high 
degree of control that is necessary for the self-assembly process, 
which is dramatically influenced by both size and size distri-
bution. In our example, we prepare a diameter range between 
220–310 nm to specifically target photonic materials in the vis-
ible range. In combination with the number of fractions, this 
implies a sub-nm step size between neighboring fractions. 
Naturally, this is smaller than the size distribution of any given 
latex particle synthesis. Consequently, this constitutes a smooth 
and gradual size increase, a feature not accessible using a 
multi-pot approach.

To demonstrate the quality of fractions obtained via CrEEP, 
we induce self-assembly via heated drop-casting. The forma-
tion of PCs with structural colors dependent on the diameter 

of the particles becomes apparent via white light microscopy 
(Figure  1d). Brilliant colors ranging from blue to red can 
be observed. Due to the fcc symmetry and the concomitant 
k-vector dependency of the optical stop-band, these are inher-
ently angle-dependent. Increasing the angle between light 
source and observer causes a blue shift of all 12 drop-cast spots 
(Figure 1e) and verifies the crystallinity. Further optical charac-
terization with normal incidence reflectance µ-UV–vis spectros-
copy (Figure 1f) elucidates the size-dependent properties. As the 
particle diameter increases, the stop-band peak gradually shifts 
to higher wavelengths. The position of the peak with respect 
to the reaction time of the corresponding fraction follows a 
linear trend (Figure 1g). Considering the linear dependency of 
the lattice spacing and wavelength in the Bragg–Snell Equa-
tion,[25] this corroborates the similar trend observed for the DLS 
results. Scanning electron microscopy (SEM) images of four 
selected PCs (Figure 1h) illustrate the monodisperse nature and 
hexagonal symmetry as well as the controlled increase of the 
particle size. An overview SEM image (Figure  S5, Supporting 
Information) shows large domain sizes. Altogether this pre-
liminary evaluation of the extracted fractions shows that the 
gradual increase of the particle size can be retained in a thin 
tube via CrEEP. Prevention of mixing thereby ensures that the 
monodisperse nature is maintained and allows self-assembly to 
form photonic structures.

After the CrEEP, a gradient colloidal dispersion is stored 
inside the extraction tube in a size-sorted manner. We now pre-
sent a straightforward self-assembly process to transform this 
gradient dispersion into a colloidal glass with a smooth and 
continuous gradient. Our semicontinuous filtration technique 
involves dilution and subsequent filtration of each fraction. 
This allows us to fabricate a free-standing colloidal glass film 
with a gradually increasing particle size from top to bottom 
(Figure  2a; Figure  S6a, Supporting Information). A sample  
3.5 cm in diameter and with a thickness of 110 ± 5 µm is 
thereby obtained (Figure S6b, Supporting Information).

We demonstrate the successful fabrication of the intended 
gradient colloidal glass by laser scanning confocal microscopy 
(LSCM)[39] across the edge of a broken gradient film. An overlay 
of the height image obtained via laser-scanning and white 
light microscopy images from various focal positions provides 
a simple and intuitive impression (Figure  2b; Figure  S7, Sup-
porting Information). Complementary to the colorful appear-
ance observed for self-assembled particles of separate fractions, 
we find structural colors continuously ranging from blue to red, 
reminiscent of a rainbow. The top and bottom faces appear blue 
and red, respectively, corresponding to the particle size of the 
first and last fraction. The addition of a broadband absorber 
is known to counteract the effect of diffuse scattering.[40] We, 
therefore, improve the saturation of the side-view structural 
colors by a thin layer of carbon (10 nm) on the surface of the 
cross section  (Figure  S8, Supporting information). While the 
colloidal glass filtration is conducted in a semicontinuous 
way, we do not observe any layering or stepwise particle size 
increase. As outlined in the gradient dispersion synthesis, the 
mean particle size changes with <1 nm from fraction to frac-
tion, which is too small to be resolved analytically. Another 
advantage of the filtration approach is that a large sample can be 
prepared with homogeneous gradient properties. The colloidal 
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gradient and hence the photonic properties are identical when 
examining cross sections via LSCM at several different macro-
scopic positions along the length of the filtered film (Figure S9, 
Supporting Information).

SEM images of selected positions along the cross sec-
tion  (Figure  2c) provide structural insights into the origin of 
colors in the gradient. The filtration assembly forces random 
aggregation of particles and thus a disordered structure. We 

Adv. Mater. 2022, 2208745

Figure 1. Characterization of equidistant fractions after the controlled emulsion extraction process (CrEEP). a) Snapshot of fractions during the extrac-
tion process showing even separation by air bubbles. b,c) Hydrodynamic diameter (DH) and polydispersity index (PDI) obtained from DLS measure-
ments of every 10th fraction. The reaction time noted here corresponds to the CrEEP starting with the gradual monomer addition. A linear fit shown 
in red elucidates the highly controlled nature of the gradual seeded growth. The polydispersity remains below 5% and is independent of the reaction 
time. d) Light microscopy images of these fractions after drop-casting showing size-dependent structural colors typical for colloidal crystals. Scale bar: 
100 µm e) Photographs of the samples measured in (d) at different angles between camera and light source. f) µ-UV–vis reflectance spectra of the 
drop-cast fractions showing a gradual red-shift of the stop-band as the particle size increases. g) Peak position of the stop-band versus reaction time 
showing a linear relation. This stands in accordance with the DLS measurements and particle size. h) SEM images of selected drop-cast fractions. 
Insets show the corresponding light microscopy images. Both the increase in absolute size, as well as the consistently monodisperse nature, can be 
observed in the self-assembled colloidal crystals showing hexagonal symmetry.
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attribute this to the fast kinetics of the filtration process and 
the absence of capillary forces.[22] The result is a photonic glass 
that consists of monodisperse, dielectric Mie scatterers and 
shows a position-dependent resonance frequency. Measure-
ment of particle diameters at equidistant z-positions along the 
cross section allowed statistical evaluation of the change in size 
(Figure  2d; Figure  S10, Supporting Information). Two impor-
tant observations can be made here: 1) The position-dependent 
particle size shows a linear trend. This, once more, empha-
sizes the high degree of control during synthesis and assembly. 
We achieve this linearity by careful optimization of the CrEEP 
(details are outlined in Figure  S11, Supporting Information). 
2) At any given z-position, all particles are nearly monodis-
perse, underlining the performance of the fractionation in 
our process. The efficiency of fractionation is better than the 
polydispersity of the emulsion polymerization itself; hence the 

overlap of individual fractions is continuous. The result is one 
of the significant features presented in this work: the circum-
vention of discrete steps in a gradient particle assembly. The 
photonic glass shown here is consequently a fully continuous 
gradient structure.

For a full characterization analogous to that of discrete 
fractions, we show local µ-UV–vis reflectance spectra at equi-
distant positions along the gradient material (Figure  3a; 
Figure  S12,  Supporting Information). As the particle size 
increases, the reflectance peak shows a gradual red shift 
(Figure  3b). This positional dependency is linear, (Figure  3c) 
which correlates with the linear change in diameter exam-
ined via SEM evaluation. Compared to the spectra of colloidal 
crystals in Figure  1f, the width of these peaks is significantly 
larger. We attribute this to the short-range order and also 
partly to the fact that the measurement averages over a range 

Adv. Mater. 2022, 2208745

Figure 2. Gradient photonic glass prepared via semicontinuous filtration. a) Schematic illustration of the z-gradient structure resulting from the gradual 
assembly process. b) Light microscopy images of the top and bottom surface as well as the cross section showing the gradual transition of structural 
color throughout the entire visible spectrum. c) Representative SEM images of the colloidal assembly at the positions indicated in the cross-section. 
d) Size distribution of particles at equidistant positions along the gradient as obtained from the SEM images in Figure S10 (Supporting Information). 
At each position, more than 100 particles were measured. Outliers are shown as black diamonds.
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of 10 µm, thereby covering a particle size increase of ≈8 nm 
in each area. The latter effect becomes more obvious when 
increasing the spot size (Figure S13d, Supporting Information). 
Averaging over half the cross section  thereby naturally results 
in further peak broadening. Spectra obtained from samples 
without carbon-coating show stronger diffuse scattering, most 
visible toward smaller wavelengths (Figure  S13a,c, Supporting 
Information).

The fact that isotropic colloidal assemblies exhibit no discrete 
peaks in Fourier space and, therefore, produce non-iridescent 
colors can be a significant advantage.[16] We examine this prop-
erty by tilting the cross section  of a gradient photonic glass 
under a microscope and conducting LSCM measurements at 
different viewing angles from 0 to 50° (Figure 3d–g; Figure S14, 
Supporting Information). This approach is similar to previ-
ously shown characterization methods of colloidal supraparti-
cles.[41] Unlike the results obtained for the iridescent colloidal 
crystals in Figure  1e, the coloration remains unchanged and 
ranges between blue and red at all viewing angles. In summary, 
the local characterization reveals that the gradient colloidal 
glass exhibits angle-independent reflectivity throughout the 
visible spectrum.

We now compare the diffuse reflectance from the top surface 
of the colloidal gradient glass with different reference samples 
(Figure  4a–f) to establish how the continuous mesostructure 
affects the optical properties. Homogeneous, non-gradient sam-
ples are prepared via filtration of pure small (224 nm) and large 
(304 nm) particles, respectively. Additionally, these particles are 

used for the fabrication of a statistical, binary mixture as well 
as a bilayer sample. The CrEEP technique is applied to prepare 
two different samples: 1) a statistical “gradient mixture” via 
mixing of all fractions and subsequent filtration and 2) the con-
tinuous gradient material discussed in Figure 2 and Figure 3. 
The two CrEEP-syntheses are shown to be identical via UV–vis 
spectroscopy and DLS measurements of the particles in the 
respective first and last fractions (Figure S15, Supporting Infor-
mation). The film thickness is 112 ± 3 µm throughout all sam-
ples (Figure S16, Supporting Information).

The single-component sample consisting of small particles 
shows an intense blue color, whereas the large particles result 
in a less saturated red appearance. The latter is more compro-
mised by diffuse light scattering and, therefore, appears fainter. 
The UV–vis diffuse reflectance spectra of these samples show 
distinct peaks at 420 and 580 nm, respectively (Figure  4g), as 
expected from the increase in diameter.[42]

Next, the two disordered structures, both binary and gradient 
mixture, are compared. Microscopy images of cross sections of 
the two show a white color. However, the reflectance spectra 
reveal a pronounced difference (Figure  4h), even though both 
samples comprise particles in the same size range. The binary 
mixture almost exclusively results in a profile characteristic for 
diffuse scattering. A slight shoulder at 550 nm hints toward a 
rather weak contribution of coherent scattering. Conversely, 
in the case of the gradient mixture, a distinct peak at 515 nm 
can be observed. This lies roughly in the middle of the peaks 
observed for the pure small and large particles, respectively. 

Adv. Mater. 2022, 2208745

Figure 3. Local optical characterization of the gradient photonic glass. a) Microscopy image of a carbon-coated cross-section illustrating the spot size 
and position where individual spectra were obtained. b) Local spectra and c) wavelengths of the peak maxima showing a linear red-shift from the top 
to the bottom of the gradient. d) Microscopy setup used to examine different viewing angles of one gradient cross-section to prove the angle independ-
ence of the structural colors. e,f) Resulting overlay of height and white light microscopy images obtained via LSCM of a sample tilted between 0 and 
50°. The color range of the gradient remains between blue and red, independent of the viewing angle.
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two pure SEM measurements show a statistical mixture of all 
particle sizes and no segregation (Figure S17, Supporting Infor-
mation), corroborating that this coloration must be attributed 
to coherent scattering of the isotropic assembly. We rationalize 
the difference via the degree of disorder, elucidated by the pair 
distribution function, g(r) of the two types of colloidal glasses. 
Simple 2D simulations (Figure  S18, Supporting Information) 
of both cases and subsequent g(r) evaluation[43] show that the 
binary mixture shows a pair correlation function limited to a 
set of distinct pairs: small–small, small–large, and large–large. 
No additional peaks can be observed in subsequent coordina-
tion spheres. In the gradient mixture, peaks in the g(r) can be 
observed up to the 5th coordination sphere. Since phase corre-
lation and constructive interference of scattered waves depend 
on the short-range order[8] this results in a more pronounced 
peak in the reflectance spectrum.

Lastly, we compare the bilayer and the gradient sample 
(Figure  4i). The former represents the most extreme case of 
a stepwise gradient, while the latter is the fully continuous 
counterpart. In both cases, the sample is oriented, so that 
the smallest particles are on top. The reasoning behind this 
is that waves of shorter wavelengths (blue light) are affected 
more by diffuse scattering of the large particles. Small par-
ticles that show Mie resonance at these frequencies should, 
therefore, interact with the light first.[26] The spectrum of the 

bilayer shows two discrete peaks at the same wavelengths as 
the single-component reference samples. This proves that the 
diffuse reflectance measurements are sensitive to photons 
coherently scattered in lower regions of the sample. This is 
possible due to an increased ratio of single- and multiple scat-
tering events caused by the short-range order and near-field 
effects.[13] These observations also hold for the interpretation of 
the optical properties of the gradient photonic glass. Here, we 
see a plateau over the full region between the two peaks of the 
bilayer. Unlike in the bilayer, no local minima and maxima are 
observed. Instead, a uniform reflectance results over the visible 
range. We attribute this unique property to the gradual mes-
oscale structure of this material. In comparison, step-gradient 
samples prepared via deposition of discrete layers always show 
distinct peaks (Figure  S19, Supporting Information). The gra-
dient spectrum is in accordance with the local optical charac-
terization, as the plateau of the diffuse reflectance spans the 
same wavelength range as the maxima of peaks measured 
along the cross section  in Figure  3b. Additionally, the plateau 
and general shape closely resemble the reflectance spectrum 
obtained from a non carbon-coated cross section  measured 
with a large spot size (Figure  S13c, Supporting Information). 
This implies the applicability of such a gradient material as a 
broadband reflector in a wavelength range of choice. We con-
firmed this possibility by a separate CrEEP synthesis with an 

Adv. Mater. 2022, 2208745

Figure 4. Diffuse reflectance UV–vis spectroscopy of colloidal assemblies prepared via filtration. a,b) Cross section light microscopy images of samples 
consisting of monodisperse particles. c) Disordered, binary mixture of these reference particles. d) Sample prepared by mixing all fractions obtained 
from the semibatch emulsion polymerization prior to filtration. e) Bilayer of small and large particles. f) Gradient sample prepared via the presented 
semicontinuous filtration approach after semibatch emulsion polymerization. g–i) UV–vis diffuse reflectance spectra of all samples measured with an 
integrating sphere. The inset in (i) elucidates the measurement geometry.
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extended size range from 220 nm up to 450 nm (Figure  S20, 
Supporting Information). The gradient colloidal glass, conse-
quently, covers a much broader spectral range compared to the 
system outlined here (Figure  S21, Supporting Information). 
The critical role of the mesoscopic structure becomes apparent 
when directly comparing the gradient superstructure to the 
gradient mixture (Figure  S22, Supporting Information). Self-
assembly of a gradient particle dispersion mixture without an 
additional mesoscopic gradient does not show a plateau in the 
visible range. Furthermore, the diffuse reflectance of the gra-
dient photonic glass is superior to the disordered case across 
the entire spectral range.

Enhanced scattering of visible light is of great importance in 
fields such as thin reflective coatings and passive cooling appli-
cations.[44,45] Beside the use of high-n materials such as titania, 
recent studies have examined alternative approaches such as 
the variation of the particle morphology of low-n materials to 
improve the scattering performance.[21,46] An alternative/com-
plementary approach is our optimized mesostructure. The gra-
dient colloidal glass provides a tuneable approach to enhanced 
broadband reflectance, opening an alternative approach to 
create the whitest white. The fabrication proceeds without any 
stacking faults or cracks that can arise during the much more 
complicated fabrication of multilayer inverse opals or (2+1) 
photonic crystals.[15,25] Recent theoretical work has examined 
the passive cooling properties of gradient particulate assem-
blies.[33] These simulations are corroborated by our observation 
that the gradient colloidal glass shows superior diffuse reflec-
tance compared to the mixed case. Overall, gradient mesostruc-
tures are a highly attractive materials class from which novel 
applications in the field of wave–matter interaction, granular 
mechanics, and filtration can be expected. This interest will be 
further expedited by the fact that this type of gradient can con-
ceivably be assembled using any type of particle that can be fab-
ricated via seeded growth.

3. Conclusion

We have introduced a general method that makes use of a 
previously untapped feature of colloid synthesis. The time-
dependent growth of colloidal particles is stored in a thin 
extraction tube prior to self-assembly. The self-assembly pro-
cess retains the gradual dispersion composition and provides 
access to fully continuous mesoscopic gradients. Local optical 
and structural characterization corroborated the gradient meso-
structure, and diffuse reflectance measurements showcased the 
unique broadband reflectivity. Our method will be of imme-
diate relevance for a broad interdisciplinary community inves-
tigating and optimizing photonic glasses toward highly efficient 
scattering systems[44,46] with potential applications in areas 
such as passive cooling.[45,47] Considering the generality of our 
synthetic approach, we expect that a wide range of novel, func-
tional materials with a gradient composition will become avail-
able that reach far beyond model polymeric particles. Perfecting 
the self-assembly process may lead to elusive chirped colloidal 
crystals,[32,48] while infiltration can provide further insight as to 
the superior mechanical properties of composite and porous 
graded materials.[49,50]

4. Experimental Section
Materials: Water used in this work was of Millipore quality. 

Methyl methacrylate (MMA 99%), sodium styrene sulfonate (NaSS, 
99.99%) and potassium persulfate (KPS, 99.99%) were obtained from 
Sigma Aldrich.

Seed Particle Synthesis: A 100 mL three-necked flask equipped with a 
reflux condenser and septa was loaded with 48 mL water and degassed 
for 75 min under a constant nitrogen stream at 80 °C and 650 rpm 
stirring speed. With 5 min of equilibration time between each addition, 
the following reactants are added: 1) 2 mg NaSS in 1 mL water, 2) 1.7 mL  
MMA, 3) 40 mg KPS in 1  mL water. The reaction was then allowed to 
proceed for 30 min before the semibatch process was initiated.

Semibatch Growth and Extraction: The setup preparation proceeds 
before the seed synthesis is started, so no oxygen enters the system 
between seed synthesis and gradual growth. Silicone tube (2  m) with 
an inner diameter of 2  mm was attached to a syringe, and both were 
filled with water. The free end of the tube was inserted through a septum 
and dipped into the reaction mixture. The cannula used for the injection 
of air was bent and inserted into this end of the tube. Two processes 
were started simultaneously after the 30 min of seed synthesis:  
1) Monomer feed was initiated, and 3.0 mL MMA was added at 3.0 mL h−1.  
2) Extraction was initiated, and 5.0 mL were drawn into the tube at  
5.0 mL h−1. Air fractions of 16 µL were pumped into the tube end every 
30 s. This resulted in 5–6 drops of monomer being added during the 
time it took to extract one fraction. After 60 min, 110 fractions were 
stored in the tube with a gradually increasing size of polymer latex 
particles. For the extended size range, the reaction proceeds analogously 
while adding 6.0 mL MMA at 6.0 mL h−1. The introduction of air-
bubbles to fractionate the extracted particle dispersion improved the 
particle size monodispersity during the filtration process (compare 
Figure S4, Supporting Information). It eliminated a boundary layer at 
the tube solid–liquid interface with zero flow velocity and quenches the 
polymerization. In combination with the laminar flow inside the tube any 
turbulent mixing was effectively suppressed by this technique and the 
extracted size distribution was retained.

Semicontinuous Filtration Assembly: The setup used for the filtration 
mediated self-assembly can schematically be seen in Figure  S6 
(Supporting information). The tube, filled with all fractions and 
still connected to the syringe, was used directly after the synthesis. 
Dispersion droplets were slowly pumped into an intermediate vessel 
at 0.4 mL h−1. Water was simultaneously added dropwise at 60 mL h−1. 
During dilution, the dispersion was mixed, and upon reaching a total 
volume of 5 mL, the vessel was periodically emptied via a Pythagorean 
cup mechanism. The diluted dispersion was thereby transferred into a 
vacuum filtration setup, and particles were deposited on a hydrophilized 
poly(tetrafluoroethylene) (PTFE) filter (Omnipore) with a pore size 
of 200 nm. The timing was adjusted, so that the filter process was 
completed before the next emptying of the intermediate vessel. During 
this time, the assembly did not dry but remained an aqueous paste. 
After completion, the swollen particle film was transferred from the filter 
via pressing and adhesion to a poly(dimethylsiloxane) (PDMS) substrate 
from which it could be removed after drying.

Reference samples were prepared via filtration of diluted dispersions 
of the seed particles and/or the particle dispersion remaining in the 
reaction vessel after the termination of the semibatch process.

Drop-Casting: Rapid self-assembly of every 10th fraction was done 
by direct drop-casting of 2 µL dispersion onto a clean glass substrate 
preheated to 80 °C.

Dynamic Light Scattering: Diluted dispersions were measured with 
a Zetasizer (Malvern) with 175° backscattering geometry to obtain the 
hydrodynamic diameter and the size distribution of the latex particles.

Viscosimetry: The relative viscosity of two dispersions with small 
(224 nm) and large (304 nm) particles in water was determined with 
an Ubbelohde viscosimeter at 30 °C. An Ubbelohde capillary type 
0c in combination with a visco-clock was used to determine the 
flow times, respectively. The relative viscosity of the dispersion was  
calculated by ( / )Disp. H O H O2 2

t tη η= .
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Carbon-Coating: A Leica EM ACE 600 coater with planetary stage 
and quartz crystal thickness measurement was used to deposit carbon 
nanolayers on the cross sections  of samples with a sub-nanometer 
thickness accuracy.

Laser Scanning Confocal Microscopy: Both 2D color images, as well as 
3D-reconstructed images, were obtained using a laser scanning confocal 
microscope (Olympus, OLS5000) with a white light source as well as a  
405 nm laser, respectively. Cross sections  were examined using a  
50× lens with N.A. 0.95, and for the reconstruction, a pitch size of 0.12 µm 
was applied.

Scanning Electron Microscopy: Images were obtained with a Zeiss 
Leo 1530 (Carl Zeiss AG, Germany) at operating voltages of 1–3 kV and 
both in-lens as well as secondary-electron detection after sputtering of  
2 nm of platinum.

Micro UV–vis Spectroscopy: UV–vis spectra of drop-cast suspensions 
were measured on an Olympus IX71 inverted microscope with a 4× lens 
(numerical aperture (NA) 0.10) in reflection geometry with a halogen 
light source. An OceanOptics USB4000 spectrometer was coupled via 
fiber optics.

The local measurements of the gradient cross section were conducted 
using a Zeiss Axio Imager Z2 light microscope with either a 20× lens 
(NA 0.5, EC Epiplan-NEOLFLUAR, Zeiss) or a 50× lens (NA 0.55, LD EC 
Epiplan-NEOFLUAR, Zeiss). Spectra were measured using an MCS CCD 
UV-NIR Spectrometer (Zeiss, Germany) coupled to the light microscope. 
The spot size was further adjusted using mechanical apertures in the 
optical path toward the detector. A silver mirror was used as reference.

Diffuse Reflectance Spectroscopy: Diffuse reflectance spectra were 
collected with a Cary 5000 UV–vis spectrometer (Agilent Technologies) 
in combination with an integrating sphere accessory (Labspheres). 
The samples were mounted at the reflectance port of the sphere after 
adhesion to a glass substrate with carbon adhesive tape. As a reference, 
a Spectralon diffuse white standard (Labspheres) was used.

2D Simulation of Particle Assemblies: 2D-rigid body physics of circles with 
different diameters falling into a rectangular basin were simulated using the 
Pymunk library in Python 3. Circles were initiated as dynamic bodies one after 
the other at a random x-position at the top of the plane. They experienced 
only downward directed gravitational force as well as rigid body interactions 
with other circles as well as the walls and floor of the basin. A total number 
of 4000 particles were simulated in each case in a basin measuring  
1500 × 1000 units. The diameters were set to one of two specific integers  
(8 and 12) with a probability of 50% each for the binary case (Figure S18a,b, 
Supporting Information) and to random floating-point numbers between  
8 and 12 for the mixed gradient case (Figure S18c,d, Supporting Information). 
The crystalline assembly was simulated by letting circles with a diameter 
of exactly 10 fall into the basin (Figure S18e,f, Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1: a) Reactor used for the controlled emulsion extraction process (CrEEP). Gradual addition of monomer
(orange) to the seed particle suspension (blue) causes continuous diffusion of monomer to the growing parti-
cles. Simultaneous extraction, accompanied by fractionation via air bubble separation (white), retains the time-
dependent increase of the particle diameter. Arrows indicate extraction and (periodic) infusion, respectively. b)
Schematic showing the direction in which the growing particles are extracted. Blue fractions represent the small-
est particles, red fractions the largest. During the assembly process, fractions are pushed out of the tube in the
opposite direction.
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Figure S2: Photograph of the CrEEP setup during the synthesis. Infusion and withdrawal points are identical
to Fig. S1. Inert gas flow and monomer feed proceed through the left joint, whereas extraction and the periodic
airflow needed for fractionation can be seen on the right. The total volume in the reactor is significantly larger
than the extracted volume. Thereby, a near-constant addition rate with respect to the concentration of particles is
ensured.
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Figure S3: Evaluation of the kinetics of the particle growth during the surfactant-free emulsion polymerization
to produce the seed particles. Here: 1.7 mL MMA are added at once and left to react. Samples are withdrawn
every 5 minutes and examined via DLS to determine the growing particle diameter (a) and the polydispersity
(b). Two important mechanistic insights can be obtained thereby: 1) Already at low conversions, the growing
particles are shown to have a polydispersity index below 0.02 and can be considered monodisperse. 2) The re-
action rate is fast compared to the gradual monomer addition. A volume of 1.7 mL monomer reacts in a matter
of approx. 15 minutes, giving a reaction rate of 0.1 mL/min. During the 30 s it takes to extract one fraction, 25
µL of monomer are added to the system (approx. 5-6 drops) which gives an addition rate of 0.05 mL/min. Since
the monomer-addition rate is much smaller than the reaction rate we can assume monomer-starved conditions.
The benefit of this starved-feed procedure is that the extracted dispersion possesses a high conversion and low
polydispersity. Consequently, it can be used for self-assembly without any purification steps. The presence of any
unreacted monomer would soften the latex beads leading to a film formation, which we don’t observe. Overall,
the CrEEP process can be considered robust and applicable for emulsion polymerizations as long as the extraction
rate is lower than the reaction rate.
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Figure S4: a) Results of viscosity measurements using an Ubbelohde viscometer. Measurements of the seed par-
ticle suspension, as well as the reaction mixture after CrEEP, show a slight increase in viscosity with a rising
volume percentage of latex particles. These measurements allowed approximate calculation of the Reynolds num-
ber in the tube during extraction using a density of 103 kg/m3, a flow rate of 6 * 10−3 m/s and an inner diameter
of 2 * 10−3 m. The Reynolds numbers lie in the range of 1-5, which indicates laminar flow. It could, therefore, in
principle, be possible to omit the fractionation and simply rely on the absence of turbulence. b) Results of DLS
measurements of three identical CrEEP syntheses without air-fractionation. This shows both the pronounced re-
producibility as well as the possibility of making use of the low Reynolds number system instead of fractionation
to minimize mixing. In principle, the time-dependent increase in size can thereby still be translated into a po-
sitional dependency due to the laminar flow during extraction. c) Light microscopy images of drop-cast particle
assemblies. For larger particles (30 - 60 minutes), the assembly into colloidal crystals seems adequate, but smaller
particles do not show the characteristic blue color that can be seen with fractionation. As exhibited in the SEM
image in d), small crystalline domains exist but the greater part of the structure is disordered. We attribute this
to a near-zero flow rate at the tube walls, which causes mixing of large and small particles. As the assembly is
known to be highly dependent on polydispersity, we, therefore, apply the fractionation approach in all further
experiments to minimize the mixing of particles with different diameters.
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Figure S5: Overview SEM-image of the yellow sample shown in Figure 1h. The crystalline nature of the assembly
proves the low polydispersity of each fraction.
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Figure S6: a) Schematic of the setup used for the semi-continuous filtration assembly of the 3D gradient structure.
The fractionated suspension is added slowly and discretely into an intermediate container equipped with a stirrer
bar. Here, the suspension is diluted with MilliQ water. The container is periodically emptied via a Pythagorean
cup mechanism, and the diluted suspension is transferred into a filtration setup allowing a particle assembly to be
formed. Due to the gradually decreasing diameters of the particles in the tube, this results in a size gradient in
the z-direction. b) A photograph of the assembly after the last fraction was added.
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Figure S7: Microscopy images of a cross-section of a gradient colloidal glass that has been coated with 10 nm of
carbon to reduce the effect of diffuse light scattering a) Height image obtained via laser scanning confocal mi-
croscopy b) The resulting image obtained from light microscopy at various focal positions after correlation with
the height image.
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Figure S8: Cross-sections of gradient colloidal glasses coated with 0, 5, 10, and 20 nm carbon (a-d, respectively).
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Figure S9: Microscopy images of cross-sections taken from different parts of the sample. These have not been
carbon-coated prior to the measurement. This highlights the in-plane homogeneity of the gradual size distribution
in the entire sample.
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Figure S10: SEM images obtained at equidistant positions along the z-direction of a gradient colloidal glass. The
yellow lines show the manual determination of the particle diameter of all evaluated particles. The examined re-
gions are approximately 1 µm wide and 10 µm apart from each other.
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Figure S11: Comparison of the size of fractions in the beginning (a), after 30 minutes (b), and towards the end
(c) of the CrEEP synthesis. The gradual decrease of the size of the fractions is an effect of the low gas barrier of
the silicone tube. The extraction process is sufficiently slow for the diffusion of air from the outside of the tube
into the preformed gas separators to play a role. As the reaction proceeds and the amount of these gas fractions
increases, this effect becomes more pronounced, and the effective extraction speed gradually decreases. This coun-
teracts the increase in volume percentage of latex particles during monomer feed and plays an important role in
ensuring a linear gradient in later 3D self-assembly. Whereas the particle size increases from top to bottom, the
optical impression of the dispersion remains white for all fractions, which is caused by multiple light scattering.
The structural colors only evolve during the self-assembly process and are shown in Figure 1d and e in the main
manuscript.
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Figure S12: a)-c) Selection of microscopy images taken during microspectroscopy with a 50x-magnification ob-
jective. The white box is an overlay of the actual spot size as shown in d). The latter is determined by shining
a green LED through the optical path leading to the spectrometer. e)-f) Microscopy images with overlay and g)
spot-size corresponding to microspectroscopy using a 20x-magnification objective.
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Figure S13: a), b) Spectra taken using the small spot-size at equidistant positions along cross-sections of gradient
colloidal glasses without and with 5 nm carbon coating, respectively. c), d) Spectra taken using the large spot-size
at equidistant positions along cross-sections of gradient colloidal glasses without and with 5 nm carbon coating,
respectively.
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Figure S14: a) Light microscopy images of a cross-section tilted at angles between 0-50°. The range of colors ob-
served in the gradient does not change with the viewing angle. b) Height profiles corresponding to the images in
a) showing how the tilt-angle was determined from the LSCM evaluation.
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Figure S15: Comparison of the first fraction (seed particles, blue) and last fraction (large particles, red) of the
two CrEEP syntheses used for the fabrication of the gradient colloidal glass and the mixed structure, respectively.
a) UV-Vis microspectra of drop-cast suspensions. b) DLS results showing the hydrodynamic diameter of the dis-
persed particles.
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Figure S16: LSCM images of cross-sections of all samples prepared via filtration. Three different cross-sections of
each sample are examined and verify that the thickness of all samples is comparable. a) small particles, b) large
particles, c) binary mixture, d) bilayer, e) gradient mixture, and f) gradient colloidal glass.
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Figure S17: SEM images of the sample prepared via filtration after mixing of all fractions obtained CrEEP syn-
thesis.
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Figure S18: a) 2D rigid body simulation of two types of circles with different diameters falling into a rectangular
basin. Diameters are set to exactly 8 or 12 units, respectively, and the total number of each type of circle is the
same. b) Radial distribution function (G(r)) of the circles after simulation. c) and d) Analogous simulation and
G(r)-evaluation of particles with diameters set to arbitrary floating point numbers between 8 and 12 units. e), f)
Simulation and G(r)-evaluation of monodisperse circles with a diameter of exactly 10 units resulting in an ordered
hexagonal array.
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Figure S19: Transmission UV-Vis microspectroscopy of dip-coated colloidal crystals. The blue, green, and red
plots correspond to colloidal crystals comprising particles of three different sizes. The orange curve shows the
spectrum of a trilayer sample where these three particle types were dip-coated one after the other.
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Figure S20: Characterization of a semibatch synthesis with an extended size range. a), b) DLS evaluation of
equidistant, monodisperse fractions, showing the linear increase in size and a larger range up to 450 nm. For
comparison: the maximum diameter in the synthesis shown in Fig. 1 is 320 nm c), d) SEM images of drop-cast
colloidal crystals originating from the first and last fraction, respectively.
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Figure S21: Characterization of the gradient colloidal glass obtained from the synthesis with an extended size
range. a) Cross-section image obtained vie LSCM of the gradient colloidal glass. The color gradient from blue
to red can be observed in the top half of the gradient, whereas the bottom part appears white due to coherent
scattering at wavelengths outside the visible region. b) Diffuse reflectance UV-Vis measurements of the extended
gradient structure as well as the gradient shown in Fig. 4i. As was targeted, the plateau of the extended gradient
covers a greater spectral bandwidth. This result is reminiscent of the red-shift of the step in local UV-Vis spectra
obtained with a large spot size shown in Fig. S13c.
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Figure S22: Diffuse reflectance measurements of gradient colloidal glasses as well as the mixed assembly. a) and b)
show spectra of colloidal assemblies prepared from a total of 4 different CrEEP syntheses to show the consistent
results between samples. The insets in a) show how the samples are prepared for spectroscopy by immobiliza-
tion on black double-sided tape, i) Mixture and ii) Gradient assembly. The scale bar is 10 mm. The white square
shows the spot size of the spectrometer. The black dotted line in the spectra is the reflectance spectrum of the
black backing layer.
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